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1.1 Context and problem statement 
 
Nitrogen is an element plentifully abundant in the earth’s atmosphere, of which it 
constitutes 78% in the form of the diatomic and relatively inert gas N2. Nitrogen enters 
terrestrial ecosystems primarily through biological nitrogen fixation (BNF), carried out 
exclusively by a limited number of soil microbial taxa. Among these diazotrophs the Rhizobia 
have developed mutualistic associations with most species of legumes (Fabacea), allowing 
these plants to fix significant amounts of nitrogen into soils. A number of free-living 
diazotrophs in rhizosphere soil and the actinomycete genus Frankia are also capable of 
fixing nitrogen to a smaller extent. The comparatively numerous forms of reactive nitrogen 
tend to be very mobile in the soil system; as a result the availability of nitrogen is often the 
limiting factor for primary production, and of central importance to agricultural production. 
Nitrogen management in fields through the increased inclusion of nitrogen-fixing 
legumes in crop rotations was the foundation of the greatly increased crop productivity that 
sustained the rapidly growing urban populations of the 19th century industrial revolution 
(Chorley, 1981).  Shortly prior to the First World War, Fritz Haber and Carl Bosch developed 
the process of artificial nitrogen fixation by producing ammonia from a catalysed reaction of 
atmospheric nitrogen with natural gas (Smil, 2001). The Haber-Bosch process was rapidly 
applied on an industrial scale to produce mineral fertilisers, and along with the increased 
mechanisation of agriculture, greatly contributed to the phenomenal increase in crop 
production in the latter half of the 20th century. Because the nitrogen content of food is 
synonymous with its protein content, the ability to capture and make use of nitrogen – 
whether through legumes or by anthropogenic fixation – is strongly linked with the ability of 
human populations to feed themselves and grow (Smil, 1991). 
Human activities have increasingly come to dominate global nitrogen flows, with 
industrial nitrogen fixation now exceeding the estimated BNF of the entire biosphere 
(Galloway et al., 2004, Cranfield et al., 2010) and being directly responsible for over a third 
of human protein consumption (Smil, 2001). Agriculture accounts for 60% of the biologically 
active N from anthropogenic sources (Drinkwater and Snapp, 2007), while globally almost 
half of the nitrogen inputs to croplands are accounted for by mineral nitrogen fertilisers (Liu 
et al., 2010). Since the advent of the industrial revolution, twice as much nitrogen is being 
Introduction 
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applied to land surfaces, and the doubling of world food production in the last half century 
was accompanied by a seven-fold increase in the use of nitrogen fertilisers (Liu et al, 2010). 
However the development of new agricultural practices to satisfy a growing global demand 
for food has drastically disrupted the nitrogen cycle. This has led to extensive eutrophication 
of fresh waters and coastal zones due to nitrate leaching as well as increased inventories of 
the potent greenhouse gas nitrous oxide (Drinkwater and Snapp, 2007). In the moist 
temperate climate of Western Europe, the rate of nitrogen recovery from crops tends to be 
high due to the yields and optimised agronomic practices (70% in the year 2000). In 
countries with multiple cropping systems or with highly intensive agricultural production 
such as Belgium, the positive soil surface nitrogen balance (globally 53 kg N ha·yr−1 in 2000) 
is among the highest in the world (Liu et al., 2010). Despite its great agricultural 
productivity, Western Europe also has the highest leaching losses worldwide due to the 
large amounts of mineral fertiliser applied. 
Much of the current research focus aiming to increase food productivity is centred on 
increased fertilisation and the exploitation and manipulation of the genetic potential of 
important crops to increase yields and tolerance to adverse conditions. Yet in most parts of 
the world increases in yield have been stagnating in the last decade or two (Cakmak, 2002). 
This is partly due to continued degradation of the soil resource (principally by erosion) and 
the resulting decrease in soil productivity, which has already affected close to 40% of all 
soils worldwide (Lal, 2007). Despite the proven links between soil health and fertility and 
agricultural productivity (Mäder et al., 2002), there is a still a dominant tendency in 
mainstream agricultural science to equate yield increase with the application of mineral 
fertilisers (Cakmak, 2002). 
 
In soil nitrogen is primarily found in organic forms which are still incompletely 
understood and unidentified (Schulten and Schintzer, 1998; Ros, 2012). The transformation 
of organic N in soil into plant-available mineral forms is initiated by the process of 
decomposition, of which ammonia is the initial product (Geisseler et al., 2010). In most 
agricultural soils autotrophic nitrification, carried out by a only a few genera of bacteria, 
rapidly converts ammonia into nitrate, which in addition to being more soluble is 
preferentially taken up by plant roots. Besides loss of nitrate by leaching, nitrogen can 
escape from soil by ammonia volatilisation and by nitrification of nitrate into nitrous oxide 
Chapter 1 
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gas, both under certain specific conditions. Due to its crucial importance for plant 
productivity and its numerous forms and pathways in soil, nitrogen is unique among 
nutrients of interest in agriculture. Although nitrogen cycling is controlled by environmental 
abiotic factors such as temperature and moisture levels, these transfers are all mediated if 
not carried out by soil biota to a large extent. Of these transfers the overall process of 
mineralisation from organic to the mineral forms is the central step in the provision of the 
all-crucial plant-available nitrogen, as well as the most studied. 
Despite the strong effects of climate, nitrogen immobilisation in litter and its 
subsequent mineralisation appear to be primarily governed by the chemical composition of 
residues, which in turn determines the activity of the decomposer community (Manzoni et 
al., 2008). However nitrogen mineralisation, irrespective of ecosystem type, is also positively 
related to soil C and N concentrations, with litter C:N ratio only exerting a secondary 
influence (Booth et al., 2004). While models of SOM decomposition have been successful in 
accurately describing C cycling without the explicit inclusion of soil biota groups (Brussaard, 
2007), the process of nitrogen mineralisation continues to defy attempts at modelling based 
solely on abiotic environmental and soil physico-chemical variables (Andrén et al., 2008; 
Ros, 2012). This is partly due to the difficulty of simultaneous and accurate accounting of all 
possible losses of nitrogen from the soil system, namely as gaseous products of 
(de)nitrification, highly soluble nitrate ions lost through leaching, and adsorption of 
ammonium to charged mineral surfaces. 
A theoretical framework for explicitly including the soil fauna into C and N cycling 
models has only recently been developed (Osler and Sommerkorn, 2007), relying on simple 
ecological stoichiometry of soil microbes and their grazers. The formation of dissolved 
organic matter (DOM) through the action of exogenous enzymes released by microbes and 
due to faunal excretion has been proposed as the rate-limiting step in the decomposition of 
organic matter (Schimel and Bennett, 2004). Despite the growing evidence that the nitrogen 
in dissolved organic matter (DOM) plays a crucial role in the dynamics of nitrogen 
mineralisation (Geisseler et al., 2010), the DOM pool is not homogenous in terms of 
bioavailability or turnover times (Ros, 2012). Hence the extraction and measurement of 
chemically relevant pools of DOM-N still remains a major technical challenge.  
Soil ecology has not developed a set of all-encompassing ‘unifying principles’ as 
observed in other branches of ecology (Fierer, 2009). This is partly due to the complexity of 
Introduction 
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the soil environment, the high biodiversity, and the high degree of variability in both space 
and time (Coleman, 2008). Thus there are many methodological challenges inherent to soil 
studies, particularly those associated with surveying the diversity of soil communities and 
measuring in situ soil biological processes (Fitter, 2005; Andrén et al., 2008). Likewise, the 
empirical testing of ecological theories in soil is also plagued by many methodological 
difficulties, not least of which are the small size and cryptic nature of soil biota, their 
enormous diversity and the inherent complexity and heterogeneity of soils. Nevertheless, a 
significant body of experimental knowledge on the biological controls, especially those 
exerted by soil fauna over nitrogen cycling in general and nitrogen mineralisation in 
particular has accumulated over the last decades (Verhoef and Brussaard, 1990; Huhta, 
2007). This thesis continues in this tradition by focussing on the influence exerted by the 
important multi-trophic group of soil nematodes on the process of mineralisation and 
making use of controlled incubation experiments. 
 
1.2 Aims and objectives 
 
The overall aim of this thesis was to further investigate the link between soil biota and 
the process of nitrogen mineralisation. More specifically the role of an important group of 
soil fauna, the free-living nematodes, on nitrogen mineralisation and transformations in soil 
required a more integrated and realistic assessment. This theme has received considerable 
attention in the past four decades (Coleman et al., 1978; Anderson et al., 1981; Ignham et 
al., 1985; Hunt et al., 1987; Verhoef and Brussaard, 1990; Griffiths, 1994; Huhta, 2007), a 
synopsis of which is presented in the following chapter.  
 
The central research question was formulated as follows: 
How do free-living nematodes in agricultural soil influence nitrogen mineralisation? 
 
The approach taken to tackle this question was two-tiered: firstly, the functional 
response of nitrogen mineralisation to entire nematode communities under varying 
conditions was investigated. Secondly, and underlying the former, is the methodological 
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aspect: what methods can we use to answer this question and what is the influence of the 
methodologies used on the measured phenomena? 
  
The specific research questions that led to the design of the survey and incubation 
experiments that form the body of this thesis were: 
 
1. How sensitive and suitable are nematode and microbial communities as indicators of 
soil ecological conditions under organic and conventional management?  
A one-time sampling survey of organic and conventional leek fields in Flanders was 
undertaken to gain insights into the variability/redundancy of nematode community 
composition and how it was linked to that of the microbial community (Chapter 3). 
 
2. How can we prepare realistic microcosms for incubation studies of nitrogen 
mineralisation that mimic natural conditions in terms of soil structure and biotic 
integrity? 
A detailed literature survey of the functional importance of free-living nematodes 
within the soil food web was carried out (Chapter 2), during which the main focus 
was a critical review of laboratory microcosm design for the purpose of testing 
ecological theories in soil involving nematodes. Based on these findings, an 
experimental methodology was developed and tested in incubation experiments 
(Chapters 4, 5 and 6). 
 
3. What is the dose-effect relationship of a non-destructive soil sterilization technique 
on mineral nitrogen, microbial biomass and community structure and nematode 
survival? 
The selection of gamma irradiation as a selective sterilisation/defaunation technique 
required testing of different possible doses and their effects on nutrient dynamics 
and selected biota (Chapter 4). In particular the minimal dose necessary to 
successfully eliminate all free-living nematodes was investigated in a second 
experiment using a range of low presumed sub-lethal irradiation doses (Chapter 4). 
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4. How can entire representative nematode populations be successfully re-inoculated 
into defaunated microcosms? 
A time-saving and standardised extraction method for nematodes was selected and 
used to obtain entire nematode communities from bulk soil. These were used to re-
inoculate irradiated microcosms which were compared to controls for evaluating the 
combined extraction and re-inoculation efficiency (Chapters 4, 5 and 6). 
 
5. How do entire nematode communities affect the process of nitrogen mineralisation 
in incubation conditions? 
Building on the established methodology a long-term incubation experiment was 
carried out with both intact and disturbed unamended soil cores (Chapter 5). 
  
6. How are the effects of nematode-induced nitrogen mineralisation affected by 
different organic fertilisers and amendments? 
In a second long-term incubation experiment with greater replication, the effect of 
nematode re-inoculation on nitrogen mineralisation was investigated following the 
addition of four selected representative organic amendments commonly used in 
organic agriculture (Chapter 6). 
 
7. What do these experimental results teach us about below-ground ecology in 
agricultural soil, particularly on the influence of nematodes in nitrogen dynamics? 
The main findings of all previous chapters are synthesized into a general discussion 
reflecting on the insights gained into the ecology of free-living nematodes in the 
context of the soil food web, in relation to nitrogen dynamics and with reference to 
the larger body of literature on soil ecology (Chapter 7). 
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2.1 The soil as an ecosystem 
 
Soil organisms first became worthy of scientific scrutiny following the pioneering book 
on the ecology of earthworms by Charles Darwin (1882) who drew attention to their role in 
the decomposition of plant litter and the formation of ‘vegetable mould’. By the early 20th 
century a respectable body of knowledge had already been developed concerning the 
existence, identities and functions of a number of microorganisms in soil (Waksman, 1918; 
Winogradsky, 1925; Waksman and Skinner, 1926). They already knew cellulose 
decomposition was carried out primarily by fungi and actinomycetes, but that certain 
bacteria also had this ability (Waksman et al., 1928). It had been established that acidic soil 
favoured fungi while alkaline conditions promoted bacterial growth and that straw 
decomposition resulted in nitrogen immobilisation and plant N deficiencies due to the 
demand of bacteria and fungi for N to satisfy their physiological needs (Waksman and 
Skinner, 1926). Winogradsky (1924) first discovered the microorganisms responsible for 
autotrophic nitrification and developed a number of methods for isolating, culturing and 
observing soil bacteria (Winogradsky, 1949). Winogradsky (1925) also developed the first 
ecological classification of soil organisms based on considering them either as 
‘autochtonous’ (indigenous and not dependent on external inputs) or as ‘zymogenous’ 
(allochtonous and dependent on nutrient inputs, but able to persist as dormant cell stages). 
Since these early days, soil organisms have been studied continuously, often by 
isolated specialists (Andrén et al., 2008) as increasingly sophisticated methods for their 
extraction, detection and characterisation were developed. Compared to the fields of 
aboveground and marine ecology in which the current state of knowledge has been 
synthesised across several disciplines, soil science has largely developed independently from 
the science of ecology as a whole (Fitter, 2005). The study of soil organisms in agricultural 
soil especially has become a branch of soil science in its own right and has contributed much 
to the emergence and understanding of microbial ecology (Huhta, 2007). Although some 
fundamental concepts are used (e.g. concepts related to stoichiometry, food web dynamics, 
and carbon storage), the field of soil ecology has relatively few basic principles and lacks a 
solid theoretical framework that can explain nutrient cycling, decomposition dynamics, and 
microbial community structure (Wardle and Giller, 1996; Fierer et al., 2009). 
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It is not the purpose of the current work to cover the history of the study of soil 
organisms; instead a synthesis of the current state of knowledge concerning the main 
players in the soil food web is given in the following sections. The ability of soil fauna and 
nematodes in particular to be indicative of soil ecological conditions (including the physico-
chemical status of soil) is then explored. The concept of functional diversity (as opposed to 
taxonomical diversity) is central to the development of ecological indicators based on soil 
fauna, and is presented and critically discussed. The remainder and main body of this 
chapter concerns the effect of soil fauna (with a strong emphasis on free-living nematodes) 
on nitrogen cycling and the range of available methodologies that have been developed to 
investigate these relationships. The potential side effect of the methodologies employed on 
the population dynamics and ecosystem processes of interest are duly given attention.   
 
2.1.1 The soil food web and functional diversity 
Soils contain the majority of terrestrial biomass as well as the highest biodiversity in 
terms of species (André et al., 2002), however most of these are predominantly microbial. 
Although the high diversity of soil organisms has been appreciated for some time, scientists 
have been reluctant to systematically address its significance until recently, partly to 
methodological constraints (Janssen, 2006). The number of distinct bacterial genomes 
detected in soil was raised by two orders of magnitude to 106 (for a pristine soil) following a 
re-assessment of abundance-diversity distributions (Gans et al., 2005). However even 
current estimates of the biodiversity of soil biota are likely to be on the low side. Due to 
selective sampling, extraction methods, sorting and identification, André et al. (1994) 
suggested that forest soil fauna in particular is much richer and denser (on a surface basis) 
than has been recorded so far. 
The stunning diversity of soil and its cryptic nature, high spatial heterogeneity and the 
generally small size of its inhabitants has made answering the central soil ecology question – 
‘who does what, where, when, how (and why)?’ – particularly difficult. 
In many commonly used SOM models, the soil biota is only acknowledged by the 
presence of a labile or active ‘microbial biomass C’ pool (Brussaard, 1998) or lumped into a 
single ‘decomposer’ community (Moore, 1994). However numerous field experiments, 
laboratory studies and modelling exercises in the past 30 years investigating the role of soil 
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organisms in decomposition and nutrient cycling have shown that the soil food web is 
complex and involves many groups of soil organisms interacting at several trophic levels. 
Moreover the structure of soil food webs has been found to profoundly influence numerous 
ecosystem processes (Heemsbergen et al., 2004; Wardle et al., 2004). 
The mere enumeration of species names and numbers would be of little help in 
understanding their roles and interactions between each other in soil, as we would rapidly 
be overwhelmed by the vast amount of data. The most basic classification of soil organisms 
has been one based on their body size (Mulder, 2006). Freckman (1988) for example 
suggested a 3-level trophic system: microtrophic (reduced to water films: protozoa and 
nematodes), mesotrophic and macrotrophic. While convenient and related to the physical 
soil habitat, such simple schemes include no functionality or definition of interactions 
between different taxa. In order to better understand soil ecology, organisms are best 
viewed in terms of functional groups (Faber, 1991). Functional groups of usually related 
species are defined based on the following criteria: exploitation of a same resource class as 
well as similar feeding modes, reproductive and growth rates, defences against predators 
and distribution in the soil profile (Brussaard, 1998). 
Moore and Hunt (1988) and Verhoef and Brussaard (1990) refined the concept of 
functional groups and also advocated classifying dynamic components of natural systems 
into groups according to their functional similarity. These functional groups should 
compromise numerous species differing in life traits and environmental tolerances but 
carrying out the same ecological function (Ohtonen et al., 1997). Brussaard (1998) instead 
provided a simple typology of soil organisms into three guilds (a slightly broader 
classification than functional groups): root-associated biota including mycorrhiza, N-fixing 
bacteria and root-feeding or herbivorous nematodes; decomposer organisms, including the 
microflora and  all micro- and mesofauna associated with the decomposition of organic 
matter; and the ecosystem engineers such as earthworms that, through their burrowing 
activity, create microhabitats for other soil biota. Several ecological classification schemes 
have been specifically developed around ecosystem engineers such as earthworms due to 
their overriding influences on biogenic structures (aggregates and pores), the dynamics of 
major nutrients and almost all other soil biota (Lavelle, 2002; Brussaard et al., 2007).  
The gradual compilation of the most important taxonomic groups (in terms of 
abundance and biomass) and their observed or inferred interactions (who eats who) in a 
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range of soil types has led to the construction of ‘complete’ soil food webs that accurately 
describe the dynamics of soil biota in relation to flows of energy and nutrients in the soil 
ecosystem (Hunt et al., 1987, Fig. 2.1). In their essence soil food webs comprise a resource 
base (litter, plant roots or other organic matter), primary decomposers (bacteria and fungi), 
primary consumers or ‘microbial grazers’ (protozoa, microbivorous nematodes and certain 
microarthropods) and secondary consumers and higher predators (predatory and 
omnivorous nematodes, nematophagous and predatory mites) (Moore et al.,1996). 
In some instances, the correspondence between coarse taxonomic groupings and the 
functional role or feeding behaviour has been challenged and disproven (Walters and 
Ikonen, 1989; Maraun, 2003). Generally though, the high degree of functional redundancy 
of soil organisms does not prevent them from differing widely in their environmental 
tolerances, microhabitat preferences and physiological requirements (Beare et al., 1995). 
Specific biotic interactions such as symbioses and other mutualistic associations may 
strongly determine a number of ecosystem processes such as nitrogen fixation. Mutualism 
has consistently been under-valued as a selective force in natural selection compared to 
predation and competition, especially in relation to the interaction of plants and mycorrhizal 
fungi, and is seldom considered in soil food web models (Ohtonen et al., 1997). 
In a review of the effects of biodiversity on ecosystem processes in general, Hooper et 
al. (2005) conclude that diversity per se and numerical abundance are not most essential, as 
relatively rare species-poor groups such as earthworms may exert important influences. The 
link between diversity end ecosystem processes is not straightforward: many species may 
carry out similar functions; others may have little influence, and many ecosystem processes 
may be predominantly controlled by abiotic forces. Furthermore, many species 
assemblages, through interactions, may act complementarily to strengthen a given 
ecosystems process such as nutrient cycling. Compared to theoretical works, there is still a 
strong lack of (long-term) experimental data on ecosystem stability and the response of 
multitrophic food webs to disturbance, which is certainly the case for soil ecosystems 
(Hooper et al., 2005). 
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Figure 2.1. The soil food web of a shortgrass prairie, as summarised by Hunt et al. (1987). Coloured 
boxes highlight nematode trophic groups. 
 
 
2.1.2 Components of the soil food web 
The soil food web as introduced in the previous section is here discussed in some 
more detail. Information pertaining to the physiology, life history traits and feeding habits of 
the most important groups is briefly presented, followed by a discussion of their functional 
significance and the available methods of extraction, quantification and identification. 
 
2.1.2.1 Plants, roots and litter 
The material provided by autotrophic terrestrial plants constitutes the primary input 
of organic matter into soil food webs, as well as the resources for all root-associated 
organisms such as herbivorous and plant-parasitic nematodes (Wardle et al., 2004). 
Traditionally the attention has focused on litter inputs from leaf fall and the dieback of 
aboveground plant parts, and indeed practices of incorporating fresh plant biomass into soil 
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contribute importantly to labile organic matter fractions which sustain intense microbial 
activity, rapid nutrient cycling and subsequent crop growth (Haynes, 2005). Less evidently 
detectable root turnover but above all root exudates are also important sources of nutrients 
in the rhizosphere (Bonkowski et al., 2009), and together act as more constant supplies of 
organic matter into food webs that operate during the growing season of plants. Living roots 
also directly supply energy to the ‘herbivorous compartment’ of the soil food web through 
such organisms as symbiotic fungi and root-associated or plant-parasitic nematodes, which 
importantly affect primary productivity (Neher, 2010) and cycle important amounts of 
energy nutrient and energy through the soil food web (Moore and Hunt, 1988, Wardle et al., 
2004). Given our understanding of the dynamic interactions in the rhizosphere is still in full 
development (Bonkowski et al., 2009) and is obviously strongly determined by plant 
physiology and therefore beyond the scope of this thesis, we instead concentrate on the 
effects of litter inputs into soil. 
Although specific characteristics of plant species and the composition of vegetation 
communities strongly determine litter decomposition dynamics in natural ecosystems 
(Hättenschwiler et al., 2005), in an agricultural context the range of litter material added to 
soil is smaller and perhaps better summarised by biochemical composition (Eiland et al., 
2001). In a review of mixed-litter decay experiments, Hättenschwiler et al. (2005) found that 
approximately half of the studies showed accelerated litter decay (additive or synergistic 
response), while in a third of all cases considered, mixed litters did not decompose any 
faster than litter monocultures. So clearly, the species identity of litter materials is not the 
determining factor. 
The large differences in the quality of litter material are most conveniently 
summarised by the C:N ratio of organic materials, although the proportion of lignin in 
particular exerts an additional (negative) influence on decomposition dynamics (Booth et al., 
2005; Carillo et al., 2011). The C:N ratio strongly determines how readily organic matter will 
be decomposed in the soil food web and what the pattern of N release will be. Litters of 
differing qualities are decomposed by different decomposer organisms, with bacteria 
tending to predominantly colonise labile materials with a low C:N ratio, while fungi 
specialise in the breakdown of woody cellulose- and lignin-rich substrates with a high C:N 
ratio (but see below). 
Chapter 2 
30 
 
Indirect effects due to the interplay between resource quality and the soil community 
also need to be taken account of (Carillo et al., 2011), as are the strong feedbacks exerted 
by  soil biotic communities on above-ground biota, including plants, as highlighted by 
Wardle et al. (2002, 2004). These feedbacks can be either positive (such as the increased 
plant productivity due to mycorrhizal symbionts) or negative (such as root-feeding 
nematodes which remove nutrients from plant tissue and reduce root uptake capacity and 
hence productivity). The complexity of the soil food web as established in microcosm 
experiments has been shown to influence primary productivity, where the inclusion of 
larger organisms either enhanced plant growth (e.g. enchytraeida in Laakso and Setälä, 
1999) or eliminated the positive effect of microbivorous fauna on plant productivity (Alphei 
et al., 1996). Bradford et al. (2002a) also concluded that larger soil fauna reduced the above-
ground effects of smaller sized soil fauna.  
Litter diversity and quality can also affect the abundance, distribution and activity of 
soil fauna by creating heterogeneous microenvironments (patchiness) in the surface layer 
and by providing a range of different food sources that differentially stimulate different 
communities of meso-and macro-fauna especially (Hättenschwiler et al., 2005).    
 
2.1.2.2 The microflora: bacteria and fungi 
Bacteria and fungi are two broad taxa of predominantly heterotrophic primary 
decomposers that initiate the detrital soil food web. Although a discussion of their overall 
ecology, diversity and methods of assessing these is beyond the scope of the present work, 
a number of essential characteristics are worthy of attention. 
Bacteria are unicellular prokaryotes able to colonise a vast array of substrates, which 
they degrade by releasing exo-enzymes; the simple (soluble) organic compounds thus 
produced can be absorbed through the cell walls. Fungi, on the other hand are multicellular 
eukaryotic organisms possessing the special ability to grow filamentous mycelium through 
the soil pore network (Klein and Paschke, 2004). This physiological difference has important 
ramifications on the role they play in decomposition processes: while bacteria tend to be 
aggregated in or around water films and substrates, fungi are able to rapidly bridge air-filled 
pores, enmesh particulate organic matter, and in general extend their sphere of influence 
over a large volume of soil (Powell, 2007). This means the notion of an ‘individual’ is 
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obsolete for fungi, and only biomass- and growth-related measurements can be relied upon 
to quantify their abundance (Rousk et al., 2008). Besides the saprophytic fungi, mutualistic 
or symbiotic mycorrhizal fungi also play an important role in N and above all P cycling as 
they enable plants to take up nutrients from a far greater volume of soil (Ryan and Graham, 
2002; Garg and Chandel, 2010). In N-poor conditions, some have been found to be capable 
of decomposing organic matter and directly supplying low-molecular weight N-containing 
organic polymers to plants (Schimel and Bennett, 2004; Strickland and Rousk, 2010). 
However N- and P-enriched conditions tend to depress the activity of mycorrhizal fungi 
(Ryan and Graham, 2002).  
While bacteria and fungi do display preferred affinities for given substrates, their 
biochemical diversity is such that under many conditions they overlap in terms of resource 
use and develop antagonistic relationships due to exploitative competition (Rousk et al., 
2008; Strickland and Rousk, 2010). In general though, fungi are more adapted to 
decomposing recalcitrant organic materials such as wood that are rich in lignin and 
hemicellulose. In terms of their physiological requirements, fungi can make better use of 
materials with a higher C:N ratio (their own being around 10) while bacteria have a higher 
demand for N due to their own biomass having a C:N ratio around 5. Griffiths et al. (1999b) 
found that the more of a substrate that was added, the more the microbial community 
became dominated by fungi, owing to their greater competitive abilities. Conclusions made 
by different authors regarding the structure of microbial communities have in been shown 
to be in a large way determined by the techniques used to characterise microbial taxa 
(Joergensen and Wichern, 2008; Strickland and Rousk, 2010). 
While studies of soil microorganisms have historically relied on plate culture 
techniques, these have recently clearly been shown to be unrepresentative of the entire soil 
bacterial diversity (Ritz, 2007). In an analysis of numerous bacterial 16s RNA libraries 
Janssen (2006) found that although Pseudomonas species were the most abundant in soil 
bacterial communities, they only contributed 1.6% to the total amount of cloned sequences. 
The majority (79 to 89%) of the gene sequences came from bacteria that were not affiliated 
with known genera. Such discouraging figures do not undermine the continuing efforts of 
microbial ecologists to sequence microbial DNA and RNA from soil, and ultimately this 
approach will one day reveal the true diversity of microbial life in soil. The high diversity of 
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microbes in soil has been linked with the high spatial heterogeneity of soils, in which ‘spatial 
evolution’ has occurred over millions of years (Crawley et al., 2005). 
Accurate quantifications of the abundance, or rather biomass, of microflora are 
needed for understanding the flows of energy and nutrients in soil ecosystems. Bacteria 
have been enumerated under the microscope since they were first discovered, and this has 
remained the most straightforward (although labour-intensive) method to quantify the 
abundance of bacteria. The problem posed by the filamentous nature of fungi for 
microscope counting has prompted the development of more rigorous techniques in which 
microscopic counts were directly converted to biomass estimates based on cell volume-to-
mass relationships (Bloem et al., 1994). Such estimates of microbial biomass formed the 
basis of most large-scale studies used to estimate the faunal contribution to nitrogen 
mineralisation (e.g. Hunt et al., 1987; de Ruiter et al., 1993; Moore, 1994). Uncertainties in 
the conversion factors and the high labour requirements still make easy assessment of 
microbial biomass a tedious undertaking. 
A major methodological breakthrough was the development of the fumigation-
extraction method of measuring total microbial biomass in soil (Vance et al., 1987). This 
simple and relatively rapid method of estimating the amount of carbon, nitrogen or other 
nutrients contained in the microbial biomass, although initially challenged (e.g. Alef et al., 
1988), was later shown to be suitable for a wide range of soil types with the use of an 
appropriate (and empirically defined) correction factor (Joergensen, 1996). The fumigation-
extraction method relies on fumigating all living biomass in soil with chloroform and 
extracting the organic C thus released with potassium sulphate. Microbial C is calculated by 
deducting the amount of organic C in non-fumigated soil from that caused by the fumigation 
flush. It has proven to be robust and reliable, as evidenced by its widespread use 
(Kallenbach and Gandy, 2011). There have however been reservations about its overall 
sensitivity (Laakso et al., 2000), especially when the microbial biomass is small (Kemitt et al., 
2008). Most importantly though, measurements of total microbial biomass do not reveal 
anything about the relative contributions of bacteria and fungi. Given these two 
compartments of the soil food web process and transfer nutrients at different rates, it is 
important to be able to distinguish their dynamics. 
The application of phospholipid fatty acid (PLFA) analysis to soil microbial 
communities (Frostegård et al., 1991), revealed this tool be a sensitive indicator of change in 
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the overall composition of the microbial community (Zelles et al., 1992; Frostegård et al., 
1993). Despite the generally coarse level of taxonomic resolution (among the fatty acids 
indicative of bacteria a distinction can mostly only be made between Gram-positive and 
Gram-negative types), Ramsey et al. (2006) found PLFA profiles more strongly distinguished 
treatments from each other than did community level physiological profiles (CLPP) or PCR-
based methods. In addition, the fractionation and quantification of microbial fatty acids 
(Zelles and Bai, 1992) allowed the biomass of bacteria and fungi to be estimated without 
relying on biovolume conversion factors (Frostegård and Bååth, 1996). Drawing from a wide 
range of soil types, Bailey et al. (2002) demonstrated that the total PLFA concentration 
correlated well with microbial biomass as determined by the fumigation-extraction method, 
which wasn’t the case for the substrate-induced respiration (SIR) method. Among a range of 
microscopic and biochemical methods available for assessing the contribution of soil fungi 
to total microbial biomass, the fungal PLFA biomarker 18:2ω6 was concluded to be the most 
reliable and accurate (Joergensen and Wichern, 2008). Over the years, specific PLFAs have 
been found to be indicative for other microbial taxa including methanotrophs, 
actinomycetes, arbuscular mycorrhizal fungi (AMF) and eukaryotic organisms (Olsson et al., 
1995; Zelles, 1999; Kozdroj and van Elsas, 2001; Frostegård et al., 2011). The ratio of fungal 
to bacterial marker fatty acids has been successfully related to management effects in 
grasslands (Bardgett and McAlister, 1999; de Vries et al., 2006) and is a convenient index of 
relative bacterial:fungal dominance in the soil microbial community (Strickland and Rousk, 
2010). Ruess (2005), using 13C-labelled inputs into the fungal-dominated soil food webs, 
attempted to trace trophic interactions by determining the isotope signature of specific 
PLFAs. The combination of isotope tracing and PLFA and/or NLFA tracing appears to hold a 
lot of potential for further understanding trophic interactions and energy flows through soil 
food webs (Ruess and Chamberlain, 2010). Both the fumigation-extraction method of 
estimating microbial biomass and the analysis of microbial community structure by PLFAs 
are used in this thesis and have been proposed as ISO-certified standard methods in soil 
microbiology (Philippot et al., 2012). 
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2.1.2.3 Protozoa 
Protozoa are unicellular eukaryotic organisms that prey on bacteria in water-filled 
pore spaces of the soil. Following bacteria they are incontestably the most numerous soil 
organisms and respond rapidly to changes in microbial abundance (Bouwman and Zwart, 
1994; Ekelund and Ronn, 1994). They are generally classified into the morphological forms 
ciliates, flagellates and amoebae, the latter being of most importance in nutrient cycling in 
arable soils (de Ruiter et al., 1993; Moore, 1994). Their importance in nutrient cycling has 
been highlighted in both microcosm experiments (Clarholm, 1985; Griffiths, 1986; 
Bonkowski et al., 2000) and from trophic food web models (Hunt et al., 1987, Moore, 1994). 
Despite their proven importance, protozoa as a whole remain critically understudied by soil 
scientists (Clarholm, 2005), in no small way related to challenges in extracting (Griffiths and 
Ritz, 1988), counting (Ronn et al. 1995; Adl and Coleman, 2005) and identifying them. Also, 
to date this phylum has resisted attempts at any functional or ecological classification that 
may qualify them as indicators of soil processes. Nevertheless they remain a constant entity 
of all soil food webs and are much less affected by management practices, cycle most of the 
N in agroecosystems (Hunt et al., 1987; Brussaard et al., 1990) and are able to stimulate 
plant growth (Kuikman et al., 1990) and affect root architecture (Kreuzer et al., 2006). 
 
2.1.2.4 Nematodes 
Nematodes are a phyla of vermiform mesofauna estimated to represent 80% of all 
multicellular life and are found in every moist habitat on earth (Ferris and Bongers, 2006), 
with total estimates of diversity ranging from 105 to 108 species (Meldal et al., 2007). 
Nematode abundance may reach 107 to 109 individuals m-2 and at any site over a hundred 
distinct species may be found (Yeates, 1979; Bernard, 1992; Beare et al., 1995). Data from 
large-scale research projects have revealed that total nematode biomass in agricultural soils 
lies in the range 200-400 mg DM m-2 (0-20 cm depth), their respiration representing about a 
third  of the total faunal respiration excluding protozoa (Sohlenius et al., 1988). They are 
encountered in particularly large numbers in soils and sediments, as they require a minimal 
water film for survival, and in this respect they occupy the same habitat as protozoa 
(Bouwman and Zwart, 1994). However nematodes are not able to access and hence feed in 
the same pore range as most protozoa owing to their greater body size – it is commonly 
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accepted that bacteria are protected from nematodes if located in pores with an entry neck 
size inferior to 20 μm, compared to 3 μm for flagellates (but 30 μm for ciliates) (Kuikman et 
al., 1990; Neher et al., 1999; Savin et al., 2001). Similarly, nematode biomass in grasslands 
was correlated with the proportion of pores in the 30-90 μm size range, while no significant 
correlation was found for protozoa (Hassink et al., 1993). Nematodes also differ from 
protozoa to the extent they are able to migrate through the water-filled pore space in soil. 
Incubation experiments in which the matric potential was controlled have revealed that 
bacterivorous nematodes were able to migrate short distances towards their bacterial food 
sources, unlike protozoa (Griffiths and Caul, 1993; Griffiths et al., 1995; Yeates et al., 2002). 
Bacterivorous nematodes have furthermore been shown to be only attracted to viable 
bacteria (Freckman, 1988). 
A clear and concise synthesis of the ecology and feeding habits of free-living 
nematodes has gradually emerged over the past decades (Yeates, 1979; Freckman, 1988; 
Yeates et al., 1993; Bouwman and Zwart, 1994). The compilation of life history traits led to 
the development of an indicator of ecosystem maturity and environmental disturbance: the 
Maturity Index (Bongers, 1990, 1999). The calculation of this index relies on a ranking of 
nematode taxa along a ‘coloniser-persister’ (c-p) scale (analogous to r- versus K-species in 
mainstream ecology) and assigning them a value from 1 to 5 (Table 2.1). Thus rapidly 
reproducing dauer-forming bacterivores (see below) are assigned a value of 1 on this scale, 
while long-living, comparatively rare large omnivorous dorylaimids are assigned to a rank of 
4 or 5 (Bongers, 1990). Combined with the knowledge of distinct nematode trophic groups 
(Yeates et al., 1993), this made way for a wide array of applications of ‘nematode faunal 
analysis’ to characterise soil ecological conditions and evaluate nematode response to 
agricultural management (Bongers and Bongers, 1998; Yeates and Bongers, 1999; Ferris et 
al. 2001; Ferris and Matute, 2003; Yeates, 2003; Ferris and Bongers, 2006). The theory 
underlying these indices and their usefulness as bio-indicators is discussed in more detail in 
a following section devoted to this theme. 
Many nematode families (based on Bongers, 1988) can in their entirety be ascribed to 
single functional guilds (sensu Ferris and Bongers, 2006) or combinations of trophic groups 
and c-p classes (Table 2.1). The main taxa from the different trophic groups shown and their 
behaviour and function in the soil food web are briefly described below, and where 
relevant, exceptions to the family-level aggregation of trophic preferences are mentioned. 
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Table 2.1. Functional guild classification of free-living and plant-parasitic nematode families or 
genera according to trophic group and c-p classification. The selection is not exhaustive but 
includes all taxa most commonly encountered in this thesis as well as in the literature. 
c-p 
class 
Bacterivores Fungivores Root-feeding Predators Omnivores 
      
1 
Rhabditidae 
Panagrolaimidae 
Diplogasteridae 
    
      
2 
Cephalobidae 
Plectus 
Leptolaimus 
Filenchus (Tyl.) 
Aphelenchus 
Aphelenchoides 
Tylenchidae 
Cephalenchus 
Paratylenchus 
  
      
3 
Prismatolaimus 
Teratocephalus 
Aphanolaimus 
Psilenchus 
Tylencholaimellus 
Diphterophora 
Pratylenchus 
Dolichodoridae 
Hoplolaimidae 
Seinura  
      
4 Alaimus  Trichodorus 
Mononchidae 
Anatonchidae 
Nordidae 
Qudsianematidae 
      
5   Longidorus 
Nygolaimidae 
Discolaimidae 
Thornematidae 
Aporcelaimidae 
 
Nematode trophic groups have been determined based on observed feeding 
behaviour in laboratory conditions (Yeates et al., 1993) but are mostly inferred from 
pharyngeal morphology (Fig. 2.2). The main trophic groups of interest and the most 
commonly occurring taxa are briefly discussed here. 
Although this thesis focuses on free-living, non plant-parasitic nematodes, a large 
proportion of nematodes encountered in soils are in different ways associated with plant 
roots. Among root-feeding or herbivorous nematodes, which have the longest and most 
intensive history of study, a distinction is made between ecto-parasites living freely in 
(rhizosphere) soil, migratory endo-parasites (such as the common root lesion nematode 
Pratylenchus penetrans), and sedentary endo-parasites (the infamous cyst nematodes 
Globodera and Heterodora and the root-knot nematode Meloidogyne). These last few taxa 
have understandably been the most intensively studied due to their drastic effects on crop 
yields (Neher, 2010), but this has been at the expense of many other soil nematodes. 
Members of the Dolichodoridae, Pratylenchidae, Paratylenchidae and often Cephalenchus 
make up an important part of the whole nematode population in many of the soils 
considered in this study. The ecology and exact feeding strategies of numerous stylet-
bearing families of ectoparasites, or root-hair feeders, have not yet satisfactorily been 
elucidated (Yeates, 2003), as is the case for common Tylenchidae (see below). 
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Bacterivorous nematodes often constitute the majority of a nematode community, 
especially in agricultural soil where nutrient-enriched conditions leading to rapid increase in 
bacterial biomass (Freckman, 1988). A number of families of bacterivorous nematodes 
possess the ability to enter a dormant life phase termed dauer larvae in response to adverse 
conditions or a lack of food sources (e.g. decreased bacterial production). The quantification 
of their relative abundance compared to that of their active counterparts under a range of 
conditions can only deepen our understanding of short-term nutrient dynamics through the 
bacterial channel (Zelenev et al., 2004). This undertaking is often hampered however by the 
fact that most researchers employ ‘active’ or behavioural extraction techniques based on 
the mobility of nematodes (see below); consequently the abundance of dauer larvae is 
effectively not reported in most studies. Those families of bacterivores able to form dauer 
larvae – Rhabditidae, Diplogasteridae and Panagrolaimidae (Bongers, 1988) – have been 
termed enrichment opportunists, as they rapidly respond to nutrient enrichment or 
changing soil conditions which cause changes in the microbial population (Bongers, 1990). 
Other important bacterivores are the general opportunists, which in most soils are 
strongly represented by the family Cephalobidae and Plectidae, which appear to be 
ubiquitous in all soils, often numerically dominant, and are better able to survive nutrient 
scarcity (Yeates, 2003). Several genera of Cephalobidae have been shown to mineralise 
nitrogen by feeding on bacteria (Ferris et al., 1998), as well as causing shifts in the microbial 
community composition (Djigal et al., 2004; Blanc et al., 2006; Djigal et al., 2010). It is highly 
likely that Cephalobidae play an important part in the share of nematode-induced nitrogen 
mineralisation throughout an entire season, but that Rhabditidae are responsible for the 
pronounced mineralisation following a nutrient pulse. Further studies are needed to 
elucidate the exact feeding mechanisms of a number of bacterivores, including a number of 
the larger (Neo)Diplogasteridae which are capable of predation on other nematodes and are 
thus better considered as omnivores or predators (Freckman, 1988, Khan and Kim, 2007). 
Fungivorous nematodes are also found in virtually all soils, although their numbers in 
agricultural soil tend to be very low in comparison to forest soil (Ferris and Bongers, 2006), 
certainly in comparison to fungal biomass. The genera Aphelenchus and Aphelenchoides are 
the most commonly known fungivorous nematodes, and have been the most extensively 
used as model fungivores in incubation experiments (eg. Chen and Ferris, 1999), although 
there are some notorious plant parasites in both genera. Tylenchid nematodes with 
Chapter 2 
38 
 
diminutive stylets, perhaps most importantly of all the family Tylenchidae, are thought to be 
fungivorous (Yeates, 2003; Ferris and Bongers, 2006). While to date only a number of 
species of the genus Filenchus have unequivocally been proven to be fully fungivorous 
(Okada and Kodota, 2003), there is a growing tendency to consider Tylenchidae as a whole 
to be fungal feeders (Wang et al., 2004, 2006; Sánchez-Moreno et al., 2010; Carillo et al., 
2011). Given there is still uncertainty (Forge et al., 2003; Christensen et al., 2007), and until 
future research resolves this important knowledge gap, it is probably best to consider 
Tylenchidae as ‘facultative root feeders’ (Okada and Harada, 2007). 
Compared to other trophic groups, the relatively more rare omnivorous and predatory 
nematodes have received less attention in studies of nutrient cycling in agricultural soil. 
Carnivorous or predatory nematodes of the Mononchidae family are common in forest and 
grassland soils but rarely occur in agricultural soil due to their sensitivity to disturbance 
(Yeates, 1979; Sánchez-Moreno et al., 2006), despite the fact that they have been shown to 
play important roles in the suppression of plant-parasitic nematodes (Khan and Kim, 2007; 
Sánchez-Moreno and Ferris, 2007). The remaining important predators encountered in this 
thesis (Nygolaimidae, Discolaimus) or omnivores (various species of Aporcelaimidae, 
Qudsianematidea, and Thornematidae – sensu Bongers, 1990) are all dorylaimids of a larger 
body size and with longer generation times (and hence have a higher c-p ranking of 4 or 5). 
Despite their potential important regulatory function in controlling the populations of other 
nematode trophic groups, they are critically understudied in ecological studies, probably in 
no small way related to the difficulties of culturing them. 
Nematodes can readily be identified to family and genus level using a classic 
compound microscope (Fig. 2.2), although the process of determining the entire 
composition of a single population in a sample may often be time. This has prompted a 
number of investigators to find alternatives to visual identification. Griffiths et al. (2006) 
compared molecular sequencing techniques with morphological analyses for a single 
nematode community and came to the conclusion that the resolution attained was not 
sufficient to distinguish between species. The detection of nematode taxa was dependent 
on the amount of DNA and therefore on their biomass, and not their numerical abundance: 
clone types were dominated by large but relatively rare omnivorous and predatory 
nematodes, whereas DNA from rhabditids and tylenchids were under-represented 
compared with their widespread abundance. Despite these shortcomings, the use of 
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molecular phylogeny has contributed to resolve issues in the classification and evolutionary 
relationships of nematodes (Meldal et al., 2007). 
A number of different extraction techniques are used to quantitatively recover 
nematodes from soil. McSorley and Walter (1991) made a distinction between active and 
passive extraction techniques. Active extraction methods are low in costs and labour (and 
hence widely used) and have the advantage of only extracting nematodes in an active state 
(as opposed to dead nematodes or quiescent forms such as dauer larvae). However they are 
sensitive to numerous other factors (extraction time, incubation temperature, soil type and 
amount, differences in mobility/behaviour between taxa) which may impact on the 
extraction efficiency and be biased against certain taxa. This can result in erroneous 
perceptions of the nematode community being studied (McSorley and Frederick, 2004) and 
increases the variability between samples. Whitehead and Hemming trays (Whitehead and 
Hemming, 1965; Bell and Watson, 2001), Baermann funnels, Cobb’s decantation and sieving 
(van Bezooijen, 1999) and the Oostenbrink elutriation method (Oostenbrink, 1960) are all 
examples of active extraction techniques that are all commonly employed. Passive methods 
mostly rely on differences in specific gravity between nematodes and the surrounding soil 
matrix, although elutriation followed by centrifugation is also commonly employed 
(McSorley and Walter, 1991). A more recent development is the zonal or Hendrickx 
centrifuge, which is semi-automated, rapid and highly replicable (Hendrickx, 1995). This 
method makes use of the specific gravity of nematodes (ca. 1.08 g cm-3) to physically 
separate them from soil mineral and most organic contents. As with all passive techniques, 
this technique (used in the current study) does not distinguish between active and quiescent 
or recently killed nematodes. Passive extraction techniques are obviously less labour-
intensive and tend to be more consistent in terms of results (Verschoor and de Goede, 
2000), yet a number of authors contend that active extraction techniques yield more 
meaningful results (Yeates, 1979; Yeates and Bongers, 1999). One of the few studies that 
investigated the extraction efficiency of an Oostenbrink elutriator-cotton wool filter system 
found that larger nematodes were less efficiently recovered after sieving, therefore 
impacting the perceived c-p class composition of a nematode sample (Verschoor and de 
Goede, 2000). 
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Figure 2.2. Pharyngeal morphology of the main nematode trophic groups A. Tylenchid root-feeder stylet 
(Dolichodoridae); B. Dorylamid omnivore/predator spear (Aporcelaimidae); C. Bacterivore funnel-shaped 
mouth (Rhabditidae); D. Bacterivore lip extensions for foraging (Acrobeles); E. Dorylamid fungivore unique 
spear (Diphterophora); F. Tylenchid fungivore median bulb (Aphalenchus); G. Carnivore mouth with tooth 
(Coomansus); H. Bacterivore/carnivore mouth with tooth (Diplogasteridea). 
D C 
B A 
H G 
F E 
Soil ecology and nitrogen cycling 
41 
 
2.1.2.5 Microarthropods 
The term ‘microarthropods’ refers to both Collembola and mites (Acari) inhabiting soil 
and of a size inferior to 2 mm (Hopkins, 1997). In contrast to nematodes and protozoa, 
microarthropods occupy the air-filled pore spaces in soil, although they are obviously able 
to feed on organisms inhabiting water films. The life history characteristics and feeding 
habits of microarthropods have been studied in detail, leading to the enumeration of 
distinct life-history ‘tactics’ based on reproduction strategies and environmental 
preferences (Siepel, 1994, Petersen, 2002). 
Organic mulches applied to crops have been shown to increase the abundance and 
diversity of microarthropods in top soil (Badejo et al., 1995; Kautz et al., 2006). Numerous 
studies have experimentally demonstrated increased decomposition and nitrogen release in 
the presence of microarthropods (Seastedt, 1984; Persson, 1989, Filser, 2002; Ke et al., 
2005; Adejuyigbe et al., 2006, Kaneda and Kaneko, 2008). Microarthropods have long been 
shown to increase mass loss (and hence C mineralisation) from litter by an average of 23% 
(Seastedt, 1984), although most of these litterbag studies did not yield data on their 
influence on N mineralisation. Huhta et al. (1998b) found that both Collembola and Oribatid 
mites equally show positive and negative effects on respiration rate and nutrient 
mobilisation. Persson (1989) found arthropods increased nitrogen mineralisation from 
Norway spruce litter in an incubation experiment, but Kandeler et al. (1999) found no effect 
of any mesofauna on the microbial community and nutrient cycling in a similar forest soil. In 
an overview of feeding guilds, Vreeken-Bujis and Brussaard (1996) concluded that 
bacterivorous and nematophagous mites in particular are important contributors to 
nitrogen mineralisation. Filser (2002) and Kaneda and Kaneko (2008) both found Collembola 
mainly affected N mineralisation indirectly, by influencing the dynamics of other soil biota. 
(the effect on nematodes being mostly inhibitory). Cragg and Bardgett (2001) did not find a 
strong link between the diversity of the Collembola community and litter decomposition 
and nutrient fluxes, and concluded that the physiology of the dominant species (Folsomia 
candida) was responsible for most of the observed effects of collembolan grazing. 
A microarthropod-based soil biological quality index was developed by Parisi et al. 
(2005) based only on the presence/absence of various taxa; this was recently refined by 
adding quantitative measures of abundance too (Yan et al., 2012). 
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2.1.2.6 Enchytraeids and earthworms 
Earthworms and enchytraeids are both segmented worms belonging to the phylum 
Annelida. Both groups derive their nutrition from ingesting a range of forms of organic 
matter, often in combination with soil mineral particles, and inevitably including a range of 
smaller soil organisms (Curry and Schmidt, 2007). Earthworms are a well studied group and 
have been termed ‘ecosystem engineers’ due to their strong influence on a broad range of  
soil functions (Brussaard, 1998; Lavelle, 2002; Brussaard, 2007). These include accelerated 
nutrient cycling or decomposition, carbon sequestration and modification of soil organic 
matter dynamics, increased aggregate stability and macroporosity – all of which in turn 
influence the abundance and diversity of numerous microorganisms (Araujo et al., 2004, 
Adejuyigbe et al., 2006; Sheehan et al., 2006). Due to their overriding influences on 
ecosystem processes and the dynamics of other soil biota, earthworms and enchytraeids are 
often not included in soil food webs (although note Brussaard et al., 2007). Earthworms 
were probably the first soil fauna to be classified on the basis of their ecological function 
and feeding and life history habits into simple functional groups: epigeic (surface dwelling 
and litter consuming), endogeic (particulate organic matter ingesters in the mineral topsoil) 
and anecic (deep burrowing worms responsible for creation of permanent vertical burrows) 
(Curry and Schmidt, 2007). 
Sheehan et al. (2006) found the functional diversity of earthworms explained patterns 
of nitrate and ammonium leaching, and that anecic and endogeic could have synergistic 
relationships with respect to nitrogen cycling. In the study of Alphei et al. (1996) 
earthworms, unlike protozoa and nematodes, were able to directly enhance plant N uptake 
in a microcosm experiment. Earthworms have been shown to increase protozoan 
populations at the expense of those of nematodes in soil that had been amended with 
maize residues, while the reverse was true in earthworm casts (Tao et al., 2009). In general 
microcosm experiments including earthworms can be problematic due their higher mobility, 
and the fact that their presence results in a completely modified physical structure of soil 
compared to earthworm-free controls. 
Enchytraeids partly overlap in size with nematodes and are often extracted along with 
them, although their abundance tends to be about a hundred times smaller. Enchytraeids 
can be considered to be omnivorous in their feeding habit: by ingesting particulate organic 
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matter they inevitably also feed on bacteria and fungi. In acidic soils where they occur in 
large numbers, a majority of the micro-aggregates found in soil were estimated to be faecal 
pellets from enchytraeida (Davidson and Grieve, 2006). Through their burrowing activity 
they enhance decomposition and nitrogen release (van Vliet et al., 2004). Huhta et al. 
(1998a) noted that contrary to the variable effects of microarthropods on C and N 
mineralisation, those of enchytraeids seem to be more consistently positive. In the 
experiment by Setala et al. (1991), the enchytraeid Cognettia sphagnetorum clearly 
stimulated respiration and N and P release from raw humus with birch leaf litter, compared 
to treatments with microbes and microfauna only. Jaffee et al. (1997) showed in a series of 
microcosm experiments that enchytraeids (Enchytraeus crypticus) destroyed colonies of the 
nematophagous fungi Hirsutella rhossiliensis and reduced populations of nematode-
trapping fungi, thereby reducing the biological control of Meloidogyne javanica. According 
to van Vliet et al. (2004), enchytraeids remain important in soil nutrient cycling even in 
conventionally tilled soils, in which earthworms tend to be greatly depressed. 
Both earthworms and enchytraeids make good candidates for biological indicators of 
soil quality. Enchytraeids are potentially good indicators of chemical stress in soil (Didden 
and Römbke, 2001) and have since been used successfully used as overall indicators of soil 
ecological conditions (Jänsch et al., 2005). Despite such encouraging examples, enchytraeids 
remain vastly understudied compared to nematodes. Earthworms on the other hand have 
been widely used as indicators in soil ecological classification (Römbke et al., 2005) and are 
included in nationwide biological soil quality monitoring programmes in Germany and the 
Netherlands (Breure et al., 2005). Earthworm functional groups have also successfully been 
used as indicators of disturbance or contamination (Peres et al., 2011). 
 
 
2.1.3 Soil nematodes as indicators of ecosystem processes 
For any group of soil fauna to be considered as useful indicators, several criteria must 
be met. The organisms in question must commonly occur in a wide range of soils, but at the 
same time their composition must change enough in response to environmental conditions. 
Furthermore Römbke et al. (2005) proposed that an effective form of soil ecological 
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classification must be able to differentiate between natural soil types and those that have 
been adversely affected by pollution or agricultural disturbance. 
The potential for using various or specific groups of soil fauna as indicators of 
ecosystem process, soil functions or ecological conditions has been recognised for a long 
time. For several decades already, the ecology of terrestrial nematodes has been 
characterised and distinct trends observed (Wasilewska, 1971; Yeates, 1979; Anderson and 
Coleman, 1981; Freckman, 1988). Besides characterising the main nematode trophic groups, 
Wasilewska (1971) also noted that many feeding habits were still unclear and that 
pharyngeal morphology could be misleading. Inspired by examples from aquatic 
ecotoxicology and reviewing recent research, Freckman (1988) proposed that soil 
nematodes in general could become useful biological indicators. The reasons given were 
that nematodes are ubiquitous, easily sampled and identified to trophic group, have short 
generation times (thus rapidly responding to change) and reflect population changes 
through changes in trophic structure. Freckman (1988) also noted differences in life-history 
strategies between r- species like Rhabditidae and those that required more specific 
conditions but could endure starvation such as Plectus pallustris (aquatic). Reviewing a 
range of observed responses of given trophic groups to disturbance or other forms of 
agricultural management, Niblack (1989) was hesitant to combine both qualitative and 
quantitative changes in the nematode community structure into any generalised indicator. 
The loose definition of what exactly constitutes a ‘community’, and whether the nematode 
assemblages extracted all belong to a single community, in addition to the possibility of long 
term effects exceeding the most common sampling periods (a year at the most), made 
Niblack (1989) cautious about developing a widely applicable indicator. Sohlenius (1990) on 
the other hand found that across a range of fertilisation treatments, the number of 
nematodes was correlated with the rate of soil respiration and primary productivity, but not 
with microbial biomass, prompting him to conclude that nematodes could be better 
indicators of the mineralisation process than the microbial biomass itself. 
The development of the Maturity Index (Bongers, 1990; 1999), based on an ecological 
classification of all free-living nematode taxa present on a coloniser-persister scale (see 
section 2.1.2.4), marked the start of research on nematode communities summarised by 
standardised indices. The MI has been successfully used to characterise the effects of heavy 
metal pollution (Ettema and Bongers, 1993), physical and chemical disturbance (Fiscus and 
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Neher, 2002) and fertilisation (Bulluck et al., 2002). The plant-parasitic index (PPI, equivalent 
to the MI for plant-parasitic nematodes only) has been shown to be inversely related to the 
MI under nutrient-enriched conditions (Bongers et al., 1997). The MI for c-p classes 2-5 (MI 
2-5) removes the sometimes overwhelming influence of c-p 1 bacterivores and better 
reveals changes in the proportions of carnivores and omnivores (Bongers and Ferris, 1999). 
A more refined set of percent-based nematode community indices (varying from 0 to 
100), incorporating preferential weighting for more rare taxa with a higher c-p value, were 
proposed by Ferris et al. (2001). These are the enrichment index (EI, inversely related to the 
MI), the structure index (SI), basal index (BI) and channel index (CI). These respectively 
express the relative abundances of c-p 1 enrichment opportunists and c-p 2 fungivores (EI), 
carnivores and omnivores with a c-p of 3-5 (SI), c-p 2 general opportunists (BI), and the 
relative proportions of fungivores versus bacterivores (CI, 0 being entirely bacterivore-
dominated and 100 entirely fungivore-dominated). The EI and SI are commonly combined 
into quadrants to compare agroecosystems or the effect different management practices on 
the soil nematode community (Ferris and Bongers, 2006). The fungal:bacterial feeder ratio 
(f/b) or the CI are potentially two of the most interesting indices of nematode microbial 
grazers, as they enable the respective contributions of bacterial and fungal decomposition 
channels to be determined without needing to quantify bacterial and fungal biomasses 
themselves. In addition the coefficients used in the calculation of the CI reflect the relatively 
faster flow of nutrients through the bacterial channel than through the fungivorous one 
(Powell, 2007). Ruess (2003) conducted a literature survey of 131 different sites and/or 
sampling dates but found no distinct differences between grasslands, fields (i.e. arable 
crops) and forest ecosystems in terms of the f/b ratio. However the higher CI of coniferous 
forest and grasslands reflected the greater contribution of fungi to decomposition in these 
ecosystems. The average CI of deciduous forest did not differ from that of crop fields, even 
though the latter would be expected to be more dominated by bacterial decomposition 
pathways than fungal ones. The CI but even more so f/b ratios appear to be more influenced 
by site conditions (soil and climate) than by ecosystem type. It must be noted though that 
none of the indices developed were necessarily meant to be applied to large-scale 
ecosystem type comparisons (Ferris et al., 2001), and the lack of trends at this scale does 
not mean these indices cannot be useful when comparing the effect of contrasting 
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amendments or management practices within a same field trial or experiment for instance 
(Ferris and Bongers, 2006). 
Numerous applications of nematode faunal analyses have been carried out to 
characterise changes in agricultural management (Berkelmans et al., 2003), tillage (Lenz and 
Eisenbeis, 2000) or fertilisation (Ferris and Matute, 2003; Wang et al., 2006). Sanchez-
Moreno et al. (2008) used a combination of indices to achieve a whole-farm view of 
functional nematode diversity. 
The effects of contrasting agricultural management practices, particularly organic 
versus conventional management, on soil biotic communities has received increasing 
attention in the last two decades as concerns about the sustainability of agriculture have 
grown and alternatives have become increasingly adopted. While most studies pertain to 
measures of economic or energetic sustainability (e.g. Pimentel et al., 2005) and soil 
physical and chemical characteristics in general (Mäder et al., 2002), some have focused on 
the sensitivity of soil fauna to management practices (Yeates et al., 1997; Neher, 1999; 
Mulder et al., 2003; van Diepeningen et al., 2006; Birkhofer et al., 2008).  
The Dutch ‘Biological Indicator systems for Soil Quality’ (BISQ) was developed to link 
biodiversity to soil functioning, and was incorporated into an existing soil quality monitoring 
programme (Rutgers et al., 2009). The indicators include numerous measures of soil 
organism abundance, diversity and activity across taxonomic groups and are grouped to 
support a number of processes that in turn underpin essential ‘life support’ functions of soil. 
For the function of nutrient recycling, model-derived nitrogen production by different faunal 
groups (including nematodes) is calculated, as is the MI since it reflects the abundance of 
microbivores. The PPI is also included as an indicator of plant-root feeding. Amazingly, 
microbial biomass was calculated by direct microscopic counting instead of by fumigation-
extraction, and PLFA analysis was not included. The soil quality monitoring network is being 
carried out on 200 sites across a wide range of land use categories and soil types. The 
results obtained so far show a strong effect of soil type on all soil organisms, including 
nematodes (Rutgers et al., 2012). 
Keith et al. (2012) found that for a number of groups of soil organisms considered 
(bacteria, fungi, mycorrhiza, nematodes, mites and earthworms), above all the nematode 
community composition was strongly determined by land use (represented by a broad 
range of ecosystem types). Similarly, Cluzeau et al. (2012) reported that on a regional scale, 
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nematode abundance was primarily affected by land use type (higher in meadows and 
forests), although agricultural management also had a strong effect (organic and sustainable 
farming systems had a higher abundance and diversity of nematodes). Fertilisation intensity, 
tillage and pesticide use did not seem to affect nematode communities, although shifts in 
nematode functional groups had not yet been considered (Cluzeau et al., 2012). 
The development of widely applicable soil ecological indicators based on faunal 
assemblages is meaningless without the standardisation of extraction and counting methods 
(Andrén et al., 2008; Philippot et al., 2012). As pointed out in the above sections on the 
different groups of soil fauna, extraction methods may selectively recover some taxa at the 
expense of others (e.g. André et al., 1994, Verschoor and de Goede, 2000). Yet it must still 
be borne in mind that irrespective of the method used, any single soil sample almost 
certainly contains multiple trophic levels of nematodes (Powell, 2007). Although there are 
efforts to arrive at standardised procedures to allow more widespread use of soil fauna as 
indicators of different aspects of soil quality beyond the mere realm of research, a lot of 
work remains to be done to increase our basic understanding of the functional importance 
of individual species, genera or even entire families. In other words the usefulness of a 
comprehensive understanding of the role of soil fauna in influencing, regulating or 
completely undertaking different soil processes is only beginning to be appreciable. The 
following section considers the effect of soil fauna, with an emphasis on nematodes, on 
nitrogen mineralisation, a most important if not central soil process of significance to 
agricultural productivity. 
 
 
2.2 Soil fauna and nitrogen mineralisation 
 
Soil fauna are clearly intimately involved in most soil processes, yet nutrient dynamics 
have historically been studied from a physico-chemical perspective that has dominated soil 
science for most of its history. Although mineralisation rates are strongly controlled by the 
abiotic factors of temperature, moisture and oxygen levels in soil (De Neve and Hofman, 
1998; 2002), it remains a process that is fully carried out by the heterotrophic decomposer 
food web. The abiotic forces and soil properties that control N mineralisation do so because 
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they are the very same that constrain the activity of soil microbial communities (Fierer et al., 
2009). Manzoni et al. (2008) used a data set of several thousand observations to show that 
global N release patterns could be explained by fundamental stoichiometric relationships of 
decomposer activity. Namely, above all litter quality, as summarised by the C:N ratio, was 
found to control the balance between N mineralisation and immobilisation. Nitrogen 
mineralisation has also been shown to co-vary with ammonium consumption and 
assimilation, concentrations of extractable ammonium and nitrification rates (Booth et al., 
2004). Thus as substrate availability and microbial activity increases, so does N 
mineralisation, although the C:N ratio appears to act as a regulator of the available relative 
amounts of C and N.  
A full conceptual model of how N is cycled through the soil (food web) would require 
the dynamics of numerous different pools of organic matter and how these are used by 
numerous microorganisms to be known. While a discussion of dynamic SOM models is 
clearly beyond the scope of this thesis, the fate of organic N-containing compounds cannot 
be uncoupled from C dynamics in general. By stimulating microbial activity, fauna contribute 
to decomposition several times their own metabolism (Hunt et al., 1987), however 
protozoan contribution may be even greater than that of all other fauna together (Moore, 
1994). De Ruiter et al. (1993), in modelling different agricultural food webs, found that 
bacterial-feeding nematodes only made significant contributions to N mineralisation in only 
one case; in all others mineralisation was mainly accounted for by amoebae (protozoa). 
Earthworms may be responsible for a large part of faunal N mineralisation in conditions 
where they thrive (Brussaard, 1994 – in which there were no earthworms in conventional 
fields). Arthropods and ecosystems engineers may additionally condition N mineralisation 
by the rest of the soil food web by ingesting and priming organic material (Carillo et al., 
2011). 
A conceptual and theoretical background to the mechanisms of faunal-induced N 
mineralisation is first presented in section 2.2.1. Section 2.2.2 is devoted to the influence of 
free-living nematodes on N mineralisation. This question has been approached using a range 
of methodologies; hence results from previous studies are treated in function of the type of 
experiment: litterbag experiments, soil food web models, or microcosm experiments. The 
issue of soil food web complexity and realism in laboratory studies is dealt with in more 
detail in section 2.3. 
Soil ecology and nitrogen cycling 
49 
 
2.2.1 Mechanisms of fauna-induced nitrogen mineralisation 
Based on the facts that bacterivorous nematodes can represent up to 90% of the 
nematode fauna and have a high metabolic activity and bacterial intake rate but a low 
productivity, Anderson et al. (1981) hypothesised that they would cause a rapid turnover of 
N in soil and would increase substrate utilisation through stimulation of bacterial 
populations. Bacterivorous nematodes – if assumed to contribute to 50 % of total nematode 
respiration – could theoretically consume 20-130 kg bacterial N ha-1 (Woods et al. 1982). 
Due to their low production efficiencies (production:assimilation ratio) varying from 15% to 
40% (Sohlenius, 1980), most of the ingested N would be released back to the soil solution. 
Based on a measured range of 4.1-6.7 % DM N in plant-parasitic nematodes (Myers and 
Krusber, 1965, cited in Anderson et al., 1981), and an assumed C content of 50%, the C:N 
ratio of nematodes would be 7.5-12, resulting in excretion of N if the C:N of bacteria is 
assumed to be about 5 (Woods et al., 1982). Because assimilation efficiencies are only 30-
60%, and at least 60-85% of assimilated C is respired (Sohlenius, 1980), more N would be 
consumed than required and excretion must occur (if all N assimilated was retained in 
biomass then the C:N ratio of nematodes would be inferior to 1!). 
The current paradigm for N mineralisation places the emphasis on the 
depolymerisation of organic matter as a critical process that regulates N cycling (Schimel and 
Benett, 2004) In this hypothesis, large unavailable polymers are cleaved by microbially 
released extra-cellular enzymes to give dissolved organic nitrogen (DON), or monomers such 
as amino acids and amino sugars that are readily available to a vast array of microorganisms 
(as well as plants under some conditions). Once N has thus become bio-available, it may be 
cycled between microorganisms, their grazers, predatory fauna at higher trophic positions, 
and then back to plant-available mineral forms – referred to as the ‘microbial loop’ 
(Bonkowski, 2004). This central labile DOM (or DON if the focus is only on nitrogen) pool is 
important in understanding the full importance of soil fauna on N cycling, as they invariably 
and continuously contribute to this pool in the form of excrements. The greater rates of N 
mineralisation observed in rhizosphere soil can in the same way be explained by a 
continuous supply of easily metabolisable organic exudates from plant roots (Schimel and 
Bennett, 2004; Booth et al., 2005). 
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Osler and Sommerkorn (2007) proposed a conceptual basis for the incorporation of 
soil fauna into C and N models relying on simple ecological stoichiometry. Their model also 
considers the production of DOM from POM through the action of microbially produced 
exoenzymes to be the key process controlling nitrogen mineralisation. The C:N ratios of 
microbes and their consumers (nematodes and protozoa mainly) as well as their 
assimilation efficiencies, dictate the extent to which excess N in excreted in the form of 
NH4
+. Osler and Sommerkorn (2007) suggested that the relative contribution of the DOM 
produced by fauna to N mineralisation (or immobilisation) is maximal when the soil DOM 
C:N ratio approaches the optimum required by the microbes, as at this ‘point’ they will 
neither immobilise nor mineralise any additional N. But it has also experimentally been 
shown that the initial content of available N determines the relative contribution of soil 
fauna: in nutrient-poor, low-N systems, soil animals generally enhance decomposition and 
mineralisation, whereas in the presence of excess N they have little effect (Huhta, 2007). 
Thus there are two main direct mechanisms through which fauna affect N dynamics, 
simply by excreting NH4
+ (direct release of inorganic N) or by the production of dissolved 
organic matter (DOM), the latter of which has only been given attention with respect to the 
C cycle (Osler and Sommerkorn, 2007). The exact mechanisms by which soil fauna indirectly 
influence N mineralisation through their effects on the size and composition of the DOM 
pool have not yet been integrated into soil food web models. The mechanisms of N cycling 
through the soil food web are also difficult to verify experimentally due to a number of 
methodological drawbacks. Measures of biomass N contents and assimilation efficiencies 
are derived from a small number of studies conducted in the 1970s, and have seldom been 
repeated. Not surprisingly, the proportion of the total N ingested that is then mineralised 
has been found to vary considerably between feeding groups and sources: de Ruiter et al. 
(1993) found 24, 51 and 32 % for fungivorous, bacterivorous and predatory nematodes 
respectively, while Schröter et al. (2003) found values of 6, 20 and 40 % respectively. In 
addition, measuring processes such as depolymerisation (Schimel and Bennett, 2004) or 
distinguishing between pools of different age and composition in DOM (Ros, 2012) are far 
from obvious. Despite important advances in our theoretical understanding of the N cycle 
through the soil food web, the measurement of net N mineralisation probably remains the 
most useful and easily obtainable index of plant-available N dynamics. 
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2.2.2 The influence of nematodes on nitrogen mineralisation 
Based on an extensive review of the literature available at the time, Verhoef and 
Brussaard (1990) came to the overall conclusion that on average, 30% of N mineralisation 
was caused by soil fauna, although this varied from 10 to 49 % depending on assumed 
faunal assimilation ratios end ecosystem types. These results were also derived from very 
different type of experiments or models, which yield different types of data too. The results 
from studies concerning the influence of nematodes on N mineralisation are therefore 
considered separately for litterbag studies, soil food web modelling, and microcosm 
experiments. 
 
2.2.2.1 Litterbag and field exclusion experiments 
According to Huhta (2007), experimental soil ecology for fauna other than earthworms 
started with litterbag studies, as different mesh sizes allowed a simple partitioning of soil 
biota into size-based categories. Reviewing 15 studies, Seastedt (1984), reported that the 
majority showed enhanced mass loss with soil fauna, while highly variable results for 
element loss and nutrient mineralisation were found. In an experiment with buried litter 
bags containing pre-soaked wheat stubble, Vreeken-Buijs and Brussaard (1996) found mass 
loss did not differ between coarse (1.5 mm) and fine (20 μm) mesh size bags, but after 1 
year total N in the fine mesh bags was significantly higher. They concluded that a lack of 
predation resulted in overgrazing of the microbial population and a decrease in the 
decomposition rate. Ke et al. (2005) buried litterbags containing chopped air-dried clover in 
soil-filled PVC microcosms that either allowed or excluded mesofauna (> 45  μm) and found 
increased mass loss and C and N release in the coarse mesh where mesofauna were 
present, but no effects on N mineralisation in general. Georgieva et al. (2005a) buried 
litterbags (1.5 mm) containing either vetch (C:N 8) or rye (C:N 22) and found the increased N 
loss in vetch was associated with higher amounts of bacteria and higher abundances of 
Neodiplogasteridae (classified as a combined c-p 1 bacterivore-carnivore), and a possible 
antagonistic effect on fungal production. Wang et al. (2004) found an initial peak in 
bacterivorous nematodes (Rhabditidae and Cephalobidae) but also fungivorous nematodes 
(mainly Aphelenchus and Aphelenchoides) during the decomposition of Crotalaria juncea (a 
leguminous cover crop) in litterbags. A second peak was found later for other fungivorous 
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nematodes (Tylenchidae and some Anguinidae). This suggests different fungal taxa were 
active at different phases of the decomposition and supported different nematode fungal 
feeders. In the experiment by Georgieva et al. (2005a), materials of different C:N ratios also 
supported morphologically different fungal communities. 
In an experiment combining a range of litter types and different mesh sizes for boxes 
containing litter reinserted into the soil, Carillo et al. (2011) found greater microbial biomass 
and net N mineralisation (or lower net N immobilisation) in boxes that permitted larger 
fauna to access (5 cm mesh). The role of fauna on N dynamics was more important for the 
faster decomposing litters with high N content, as had already been observed for mass 
disappearance (Schadler and Brandl, 2005). Larger fauna were able to enhance the control 
over N dynamics in mineral soil by litter chemical composition. The exact mechanisms could 
not be determined but were suggested to include enhanced mixing and distribution of litter-
derived material, which would in turn result in increased substrate availability to 
microorganisms. 
Field studies in general have the problem of uncontrolled temperature and moisture 
variations – diurnally, seasonally or annually – resulting in low repeatability and often a lack 
of significant effects (Verhoef, 1996).  However they have yielded interesting insights into 
mechanism of N transformations that might otherwise have been overlooked. Another 
advantage is that the observations made are a function of the system and not an artefact of 
experimental design, however mesh effects can interfere with apparent effects of soil biota 
of different size classes on decomposition rates (Bradford et al., 2002b).  
 
2.2.2.2 Soil food web modelling 
There have been few attempts to model entire food webs, however they have offered 
unique insights as to how nutrients are cycled through different components of the soil food 
web. The first and probably most detailed comprehensive mode of an energy-flux based 
detrital food web in soil was offered by Hunt et al. (1987; see Fig. 2.1). Based on known 
feeding habits, the C:N ratio of organisms and assumed assimilation efficiencies, they 
calculated that soil micro- and mesofauna were directly responsible for 37% of N 
mineralisation, to which bacterivorous amoebae and nematodes accounted for a full 87%. 
This effect was considered to be mainly due to the high turnover rate of bacterivorous 
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fauna. In addition to directly excreting plant-available mineral N, it was calculated that soil 
fauna annually produced 23 kg N ha-1 of labile substrates for bacteria to process and 
mineralise. However they noted that the dynamic behaviour of the soil food web might 
critically depend on a group with only a small fraction of the biomass (e.g. 
microarthropods), concluding that the magnitude of N flows may not be a reliable guide for 
modelling the detrital web. 
Moore and Hunt (1988) used the model developed by Hunt et al. (1987) to study flow 
of N through prairie soil and found that the decomposer and primary producer subsystems 
were separated at the middle trophic positions but were linked by top predators, death and 
decomposition. While top predators fed on morphologically similar prey, predators at 
intermediate trophic levels obtained most of their energy from a single resource 
compartment (e.g. predatory nematodes and nematophagous mites). Moore and Hunt 
(1988) demonstrated that structure-diversity relationships were similar for different 
compartments of the soil food web (herbivorous, bacterial, or fungal), which were therefore 
concluded to behave as distinct entities. Energy-flux food web calculations (based on the 
proportions of a species’ diet derived from each energy source) supported resource 
compartmentation into fungal and bacterial channels. From an experiment with large intact 
cores that were sampled for all soil food web components and then modelled, it was found 
that fungivorous nematodes and microarthropods could not account for the modelled 
fungal turnover (Hunt et al., 1989), suggesting that merely measuring population sizes was 
inadequate for estimating nutrient flows. However, estimates of the C transfer rates 
between trophic levels were greater in the model than those actually observed. 
Moore and de Ruiter (1991) found the below-ground food webs of a number of 
different agroecosystems had similar structures and in most cases the same trophic levels 
(an exception being the absence of predatory nematodes in some intensely cultivated 
agroecosystems). Multivariate cluster analyses of changes in food web structure in 
integrated (not ploughed to the same extent) versus conventional management systems 
revealed the temporal dynamics of functional groups in integrated plots were dependent on 
the types of food that they consumed, while in the conventional plots this difference wasn’t 
observed. In the integrated plots the temporal dynamics differed between fungi and 
bacteria, while those of their predators resembled each other. The flows of N through the 
different energy channels of the food web were simulated by applying the model of Hunt et 
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al. (1987). In integrated plots, N flux rates were greatest through predatory nematodes, 
which derived 88.5% of their N from the bacterial channel (twice as much as for predatory 
mites but similar to the proportion for nematode-feeding mites). Predatory mites on the 
other hand derived 44.4% of their N from the fungal channel (twenty times more than for 
nematode-feeding mites and predatory nematodes). 
In integrated and conventionally managed winter wheat fields Brussaard et al. (1990) 
estimated the contribution of nematodes to N mineralisation to be 2.0-2.7 kg N ha-1 yr-1, or 
1.0-3.8% of all mineralised N, and tending to be higher in conventionally managed soil. 
Although their estimates of faunal biomass and contributions were within the range of other 
published studies (Hunt et al., 1987; Sohlenius et al., 1988), they cautioned that the validity 
of their estimates may have been limited by assumptions of a steady state (the biomass of 
nematodes fluctuated considerably throughout the season in their study), physiological 
parameters and unmeasured indirect effects of nematode grazing on N cycling. The latter 
effect, for which there is ample evidence (Moore et al., 1988; Verhoef and Brussard, 1990), 
may have caused the contribution of soil fauna to N mineralisation in general to be 
underestimated. 
The data from the long-term experiment described by Brussaard (1994) were used to 
simulate soil food web dynamics and N mineralisation by de Ruiter et al. (1994). Because 
reduced tillage was used in the integrated treatment, data analysis and modelling was 
conducted separately for upper (0-10 cm) and lower (10-25 cm) soil layers. The model 
satisfactorily predicted N mineralisation over a one year period in the lower soil layer, but in 
the upper layer was either over- (integrated) or under-estimated (conventional). The large 
majority (ca. 90%) of fauna-induced N mineralisation was carried out by protozoa, while the 
next largest share (5-8%) was carried out by bacterivorous nematodes. Slight changes in the 
assumed C:N ratios of bacteria and their food substrates resulted in large variations in the 
predicted amounts of N mineralised. 
Comparing the performance of soil food web models applied to a range of 
undisturbed and highly managed study sites from which biomass estimates were available 
for a wide range of soil organisms, Moore (1994) found that the trophic structure of soil 
food webs remained largely intact as a result of agricultural management. This finding 
strongly justified the degree of aggregation used to reduce the number of compartments in 
soil food web studies. Nevertheless, as supported by numerous empirical observations, a 
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number of mainly predatory functional groups present at higher trophic positions tended to 
be absent from highly managed agricultural systems. The highly compartmentalised 
assemblages of soil organisms and material flows into distinct energy channels (Moore and 
Hunt, 1988) showed one consistent response to agricultural management, namely that no-
till systems resulted in far greater fungal biomass in the surface layer. Contrasting practices 
also affected the temporal dynamics of the fungal and bacterial energy channels: in no-till 
systems peak activity was strongly delayed in the fungal channel due to immobilisation of N. 
Along a north-south transect of European coniferous forests, Schröter et al. (2003) 
measured and modelled the flows of C and N through the soil food web and found higher N 
inputs were associated with faster cycling of nutrients through bacterial channels. More 
recently, the entire description of a soil food web (in terms of biomass C solely, Holtkamp et 
al., 2008) was used to model C and N mineralisation following abandonment of agricultural 
land (Holtkamp et al., 2011), both of which increased with increasing biomass of the fungal 
and bacterial channels. 
Soil food web models do not account for all the flows of C or N in a soil system: abiotic 
factors may be predominant, which explains why many simple models suitably predict C and 
N mineralisation without taking into account the large diversity of soil organisms (Andrén et 
al., 1999). Alternatively the whole soil ‘fabric’ may be controlled by macrofaunal ecosystem 
engineers such as earthworms (Brussaard, 2007). Furthermore, food web models require 
some form of validation by comparison with measured in situ N mineralisation rates (e.g. de 
Ruiter et al., 1993). Brussaard (1998) noted that very little was effectively known about the 
quality of the organic matter and biomass consumed by soil organisms, and that food web 
models were therefore difficult to validate. The sensitivity of the C:N ratio parameter as an 
input in models is the cause for much uncertainty; for example Osler and Sommerkorn 
(2007) showed that depending on input parameters, fungal-feeding nematodes may 
contribute anything from 6% to 24% to the total N mineralised. In order to be able to 
account for the faunal contribution of soil fauna to inorganic and DOM pools in soil food 
web studies (see section 2.2.1), a more thorough knowledge of biomass-based feeding or 
predation rates, the sensitivity of C and N assimilation ratios, and the biochemistry of faunal 
faeces is needed (Osler and Sommerkorn, 2007). The use of isotopes may go a long way in 
providing this type of data (Chen et al., 2001; Ruess, 2005; Ruess et al., 2010). 
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It is somewhat perplexing that food web modelling has not experienced a continued 
interest and application since these pioneering studies, especially now that more robust and 
standardised methods are available for the estimation of bacterial and fungal biomass. The 
uncertainties involved in the estimation of basic physiological input parameters mentioned 
above, and the obvious labour-intensive task of data collection for validation purposes 
probably both contribute to the lack of recent soil food web modelling studies.  
.  
2.2.2.3 Controlled microcosm experiments 
The most conclusive lines of evidence for the effects of soil fauna on nitrogen 
mineralisation have come from mostly highly artificial additive experiments in which simple 
soil food webs were created with or without certain groups of soil fauna. In particular, 
single-species controlled experiments have demonstrated that depending on the C:N ratio 
of substrates and other factors (temperature, moisture content, matric potential, texture, 
biochemical nature of residues), grazing of bacteria and fungi by nematodes contributes 
directly to the mineralisation of N from organic substrates. 
The series of experiments conducted by Coleman et al. (1978) arguably set the scene 
for microcosm experiments in their experiments with artificially constructed and simplified 
soil food webs. They selected a single strain of Pseudomonas bacteria as an ideal candidate, 
based on its sensitivity to changing environmental conditions and nutrient supply. Sterilised 
soil was inoculated with Pseudomonas and either a single species of amoeba 
(Acanthamoeba) or bacterivorous nematode (Mesodiplogaster), or both combined 
(Anderson et al., 1978). Although both microbial grazers reduced bacterial numbers and 
responded positively to glucose addition, Mesodiplogaster greatly increased in numbers and 
biomass at the expense of the amoeba in mixed cultures due to feeding by the former on 
the latter. It was suggested that amoebae represented superior food packages than bacteria 
to grazing nematodes, which thereby benefited from bacterial biomass assimilated by 
amoebae but otherwise physically unavailable to them. 
In a modified version of this experiment, Woods et al. (1982) incubated the same 
bacteria, amoebae and two bacterivorous nematodes (Mesodiplogaster lheritieri and 
Acrobeloides sp.) for up to 65 days with a range of glucose additions and also measured 
Nmineralisation in the presence of microbial grazers (due to the obvious absence of any 
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nitrifiers only NH4
+ was detected and considered). The high amount of NH4
+ initially present 
(due to the fumigation procedure to sterilise soil) was rapidly incorporated by the bacteria, 
which by themselves and in the presence of nematodes did not re-mineralise it. Net N 
mineralisation was only observed in treatments containing amoebae. Both nematodes 
mineralised ca. 50 μg N g-1 soil after 65 days of incubation, while their biomass decreased. It 
was concluded that increased mineralisation only occurred when nematode numbers 
declined and favoured direct excretion of ammonium as the mechanism of grazer-induced 
mineralisation. 
Using a similar setup, Anderson et al. (1981) separately added the same nematodes to 
sterilised microcosms that had been inoculated with Pseudomonas cepacia and tracked 
population dynamics and N mineralisation over a period of 64 days. Similar amounts of N 
were mineralised with both nematode species and despite differences in numbers, their 
biomasses didn’t differ much. Most M. lheritierie individuals were in dauer larvae from. As in 
Woods et al. (1982), mineralisation occurred only when the nematode population was 
declining: the mineralisation response was apparently coupled with a shift in the nematode 
population from active to quiescent forms. This was suggested as being caused by either 
shifts in the type of material excreted by nematodes (due to physiological modifications 
when nematodes enter dormancy), slow accumulation of nutrients in shed cuticles, or 
decreased bacterial numbers due by nematode grazing and thus decreased uptake of 
nematode-excreted N-containing compounds. 
Clarholm (1985) developed microcosms to study the effect of protozoan grazing on N 
mineralisation in the presence of plants. An improvement over the above-mentioned setups 
was the use of a soil suspension filtrate to inoculate a wide variety of bacteria into sterile 
soil, and the isolation of protozoan cysts from this same soil, which yielded approximately 
equal amounts of amoebae and flagellates and no ciliates. Soil was amended with glucose, 
ammonium nitrate or both and incubated for 6 weeks. The presence of amoebae 
consistently increased plant biomass and shoot N content (but not root N). Bacterial 
numbers only increased in the presence of plants; flagellates and ciliates were more 
numerous in the presence of plants, while very large populations of amoebae developed in 
the absence of plants, especially when C was added. N addition invariably increased plant N 
biomass and obscured any effects of protozoan grazing. 
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The most highly cited study of the effects of soil fauna on N mineralisation in a 
laboratory setting is that of Ingham et al. (1985), who found the most significant increase in 
N concentrations, plant growth and plant N content occurred in the presence of nematodes. 
This was attributed either to direct excretion of ammonium by nematodes, or to greater N 
mineralisation by additional bacteria as a result of increased microbial turnover brought 
about by grazing (fungivorous nematodes were found to have no effect). The most likely 
mechanism proposed was that the excretion products of nematodes acted as substrates for 
bacterial populations. However, they calculated that the amount of N released by 
bacterivorous nematodes was insufficient to explain the observed increase in plant N.  By 
the end of the experiment (105 days) there was no difference in plant or soil N with or 
without nematodes, suggesting that microbial grazers only accelerate N mineralisation in 
the short term and don’t increase the total amount of plant-available N. 
Griffiths (1986) inoculated sterile microcosms (50 kGy irradiation dose) with bacteria 
only (Pseudomonas fluorescens), bacteria and ciliates (Colpoda steinii), bacteria and 
nematodes (Rhabditis sp.), or all together. More bacteria occurred when no grazers were 
present, while nematode abundance was negatively affected by ciliates. More NH4
+ was 
produced in the presence of nematodes than in other treatments, but not if ciliates were 
also present; slightly more NO3
- was found in the presence of nematodes. In a parallel 
experiment with liquid cultures, bacterial numbers were strongly depressed if ciliates were 
present, ciliates were more abundant if nematodes were present, but nematodes were 
more abundant in the absence of ciliates. The inhibition of nematodes by ciliates was due to 
outcompeting for food, as the hatching rate of nematodes was not affected. Nematodes 
excreted undigested but non-viable bacterial cells, but all the same enhanced bacterial 
production. Total grazer biomass was greater when nematodes and ciliates were combined, 
which could be due to greater efficiency of protozoa in using bacteria (cf. Coleman et al., 
1978). 
Ferris et al. (1998) found that a range of c-p 1 and c-p 2 bacterivores added to columns 
containing sterilised sand reinoculated with a microbial slurry and amended with finely 
ground alfalfa (C:N 11) all caused additional N to be mineralised over a 3-week period. The 
amount of N mineralised per nematode varied between species, and showed no trend when 
expressed per individual or on a biomass basis. When the substrate C:N ratio was varied by 
additions of cellulose fibres, only some species responded by a decreased net mineralisation 
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with increasing C:N ratio; other species mineralised more N at the lowest C:N ratio. In a 
similar type of experiment, Chen and Ferris (1999) showed that grazing by fungivorous 
nematodes (Aphelenchus avanae and Aphelenchoides composticola) on commonly cultured 
fungi species resulted in N mineralisation (per individual) comparable to that observed for 
bacterivores. 
In a microcosm experiment with a nutrient-poor montane soil, Bardgett and Chan 
(1999) found that nematodes only influenced N mineralisation in combination with 
Collembola, and that this synergistic effect could have been due to the combined pressure 
on the large microbial biomass which thereby reduced immobilisation of N (with nematodes 
only the microbial biomass increased). In the combined treatment, the suppression of fungal 
growth by Collembola (or their excreta) may have allowed bacteria to proliferate more, 
which in turn led to greater grazing by bacterivorous nematodes and additional 
mineralisation of N. Mikola and Setälä (1998) carried out an experiment in gnotobiotic 
microcosms with pine forest humus and birch leaf litter, reinoculated with a diverse 
microbial community. In the presence of nematodes (one bacterial and one fungal feeder) 
the respiration rate throughout the 22-week experiment was higher, as was the 
concentration of NH4
+ in soil at the end of the experiment (compared with microbes alone). 
Recently Xiao et al. (2010) provided experimental data on the influence of (bacterial-
feeding) nematodes on the nitrifying community in soil. Sterilised microcosms were 
reinoculated with a bacterial suspension obtained from bulk soil and complete nematode 
extracts. These came from an inoculum prepared from bulk soil enriched with pig manure 
and incubated for 2 weeks to increase the abundance of bacterivorous nematodes (95% of 
all nematodes, of which one third were Cephalobidae and the rest mainly Rhabditidae). 
Increased mineralisation was observed in microcosms with nematodes, but above all 
nitrification was strongly enhanced by nematode grazing. DGGE results clearly 
demonstrated that bacterivorous nematodes had modified the ammonia-oxidising bacteria 
(AOB) community composition: Nitrosomonas sp., which are considered to have more 
affinity for NH4
+ than Nitrospira sp., were more abundant with nematodes than without. 
Xiao et al. (2010) proposed three possible mechanisms for the enhancement of nitrification 
by nematodes: a general increase in the concentration of available NH4
+ due to nematode 
excretion; stimulation of the abundance and/or activity of AOB due to phoretic transport for 
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example; or nematode-induced changes in the community composition of nitrifying-related 
bacteria. 
Laakso et al. (2000) used more complex assemblages in a 9-month incubation 
experiment: plants with ectomycorrhiza, 4 nematode species (of which one predator: 
Prionchulus punctatus), microbi-detrivores (enchytraeid, mites and fly larvae) and predatory 
mites. One of the nematode species, Panagrellus, became extinct after 38 days and the 
predatory nematode was never detected in the leachates. Nitrogen enrichment increased 
microbial biomass and magnified the effect of the animal community composition on the 
microbial community. Microbi-detrivores positively affected plant growth, but this effect 
was inhibited when predators were present. Furthermore, predators positively affected 
microbial biomass, suggesting trophic cascades can occur in soil. The effect of food web 
structure on plant N was also more pronounced in N-enriched conditions, and was 
suggested to be due to N-induced changes in animal-microbe interactions. 
Microcosm experiments have also shown negative effects of soil fauna on N 
mineralisation. Alphei et al. (1996) for example found no significant effects of nematode and 
protozoa addition to defaunated microcosms on N mineralisation in the presence of the 
grass Hordelymus europaeus. Protozoan grazing decreased the bacterial biomass greatly, 
which may have had negative consequences for plant nutrient uptake. Becker et al. (2001) 
reinoculated cores (defaunated by air-drying and planted with wheat) with differing 
combinations of enchytraeids (2 species), Collembola (3 species) and earthworms 
(Aporrectodea caliginosa), but found few significant differences in nutrient dynamics. Cortet 
et al. (2003) found N mineralisation was suppressed when a top predatory mite was added 
to a complex mixture of detrivores (one or several species of Collembola and an 
enchytraeid), yet another proof of a trophic cascade in soil systems. However using a setup 
which is more accurately described as a mesocosm (Huhta and Setälä, 1990 – see section 
2.3.2) Setälä et al. (1990) found that the presence of predators in more complex systems 
was probably the most important factor explaining the increased N mineralisation by other 
soil fauna (in systems with high numbers of predatory Mononchus nematodes, greater N 
mineralisation was observed). 
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2.3 Methodologies and ecosystem integrity 
 
The complexity of soil biotic interactions and their effects on soil nutrient transfer 
warrants the consideration of the methodological aspect of studying these processes. In 
particular the means by which diversity is either reduced from an initial state (exclusion 
approaches) or built up from a sterile or defaunated soil (addition approaches) is of 
importance when considering ecosystem processes. This chapter ends with the discussion 
on the all-important yet unresolved issue of ecosystem integrity in relation to the concept of 
functional redundancy. Ultimately, the choice of the appropriate experimental unit should 
be made considering these aspects. 
 
2.3.1 Addition versus exclusion approaches 
We have seen that for the experiments discussed above that faunal assemblies are 
either ‘disassembled’ to reduce functional diversity sequentially, or assembled from nothing 
to give series of food webs of increasing complexity. Most experiments with conclusive or 
significant results have been of an ‘additive’ nature: starting from sterilised soil, specific 
groups of interest are added (see section 2.2.3). Citing the predatory as well bacterivorous 
behaviour of Mesodiplogaster as an example, Anderson et al. (1979) justified the use of 
‘gnotobiotic’ systems for understanding the  interactions between population dynamics and 
nutrient release at a high level of resolution, compared to ‘whole system responses’ in 
which such interactions would be masked. 
While early microcosm experiments used single microbial species, these gradually 
shifted to microbial slurry inoculations (Jones et al., 1998; Bezemer et al., 2005). By sieving 
such soil slurries through different sized meshes, several authors have introduced entire 
size-based roughly functional groups into sterilised soil in experiments examining ecosystem 
diversity-function relationships (Jones et al., 1998; Bradford et al., 2002a; Bradford et al., 
2007).  However it has to be noted that in these experiments, it was never verified whether 
reinoculated microbial of faunal communities resembled those in the field in any way 
(Bradford, personal communication). 
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Adding selective biocides allows more of the original system to be conserved and 
makes it possible to work under field conditions, and has been useful in elucidating the 
respective but overlapping functional roles of bacteria and fungi (Rousk et al., 2008). Beare 
et al. (1992) successfully used biocides to study the difference in trophic dynamics between 
conventionally tilled and no-till systems. However many biocides affect decomposition and 
mineralisation rates through effects on non-target organisms (Hunt et al., 1987). Selective 
removal of biota needn’t necessarily rely on biocides: sterilisation by steam, microwaving or 
gamma irradiation all offer different possibilities but generally also impact other soil 
characteristics (see Chapter 4). Faber and Verhoef (1991) simply removed litter and 
returned it with or without fauna to enclosures with or without roots and found increased N 
mineralisation from litter where fauna was present. This approach is similar to the approach 
of Huhta and colleagues (Huhta and Setälä, 1990) who removed entire soil monoliths from 
forest soil, defaunated them by freezing, covered them with mesh to allow selective 
recolonisation and replaced them back in soil.  
Hunt et al. (1987) suggested a third approach could consist of following the dynamics 
of important groups at short intervals under field conditions. In this approach all key groups 
of soil organisms must be simultaneously considered and because functional relationships 
are derived from correlation rather than experimental procedures, theoretical ecology 
approaches are necessary. In short, realistic field studies imply relying on assumed 
theoretically determined physiological parameters, while experiments with a manipulated 
soil biota cannot escape secondary or side effects associated with the techniques used for 
removing or adding species. 
Selecting non-random subsets of species to construct microcosms with differing 
functional diversity does not allow generalised conclusions to be made concerning the 
relationship between  species diversity and ecosystem function, as there is no way to 
distinguish the effect of species diversity per se from possible effects of specific species 
combinations (Mikola, 1998b). Systems with single species of microbial grazers may behave 
completely differently from entire communities of nematodes potentially competing for 
similar food resources (Griffths, 1984). Irrespective of the difficulties involved with 
considering numerous groups of soil organisms, and the drawback of using a few, 
decomposition studies should involve representative gradients of species numbers or 
functional groups of soil organisms (Hättenschwiler et al., 2005). 
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2.3.2 Microcosms, mesocosms and the macrocosm 
The terms ‘micro-‘, ‘meso-‘ and ‘macrocosm’ are mostly loosely defined and used 
interchangeably depending on the authors, and there have been few attempts to arrive at 
any form of standardisation (Verhoef, 1996). In essence all laboratory systems should be 
considered as microcosms because they are characterised by having discrete boundaries 
with little or no exchanges of matter and energy with the wider environment, as originally 
envisioned by the ecosystem ecologist Eugene Odum (Anderson, 1979). A microcosm can 
range from something as simple as a sealed glass jar for measuring soil respiration, to 
complex units in which all fluxes of gases of liquids to and from the system as well as 
environmental variables such as temperature and humidity are automatically controlled. 
The advantage of microcosms versus litterbags is that fluxes of materials to/from the ‘outer 
world’ can be monitored (Huhta, 2007), for example by collecting leachates or gases. In a 
review of a large range of experiments using ‘model enclosed ecosystems’ Kampichler et al. 
(2001) found a strong bias towards small microcosm volumes and short incubation times. 
Ultimately, microcosms decrease the complexity of organism associations by reducing the 
total number of organisms present or by selectively eliminating some species. Absence of 
predation or high inoculation rates of added organisms can lead to  an ‘overgrazing effect’ 
observed in many microcosm experiments: if the number of animals per unit substrate 
exceeds an optimum level, their net impact may become negative (Huhta, 2007). 
Verhoef (1996) suggested mesocosms could bridge the gap between microcosms and 
field studies: larger units (mostly cylinders of some sort) can be taken directly from the field 
and placed under controlled climatic conditions. Such systems therefore contain the full 
complement of organisms from the soil community. However it can be argued that the 
difference between these and the intact cores from topsoil (as used in this thesis) is merely 
one of spatial scale; in other words, it has not been verified what minimal volume of soil is 
necessary to fully represent the soil ecosystem. Presumably it is more justifiable to resort to 
such large monoliths in patchy forest soils than it is in agricultural fields where spatial 
heterogeneity has been ‘spread’ out by repeated tillage and the cultivation of single species 
at any given time. Huhta and Setälä (1990) proposed ‘microcosms within macrocosms’ as a 
compromise between control and realism. Their system consisted of inserting removable 
microcosms in big boxes (mesocosms) in which soil animals can freely migrate, incubated in 
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climate conditions that simulate seasons with different groups of organisms. They were thus 
able to simulate the patchy forest floor structure, as well as measure the flux of CO2 
automatically and collect and analyse leachates draining from below the mesocosm using 
lysimeters. Several other authors have made proposals for improved microcosm designs 
(Bruckner et al., 1995; Kampichler et al., 1999), the latter taking into account possible side 
effects. 
A series of experiments with the most elaborate controlled experimental system, the 
‘Ecotron’, said to represent a small scale “complete ecosystem” (Lawton, 1995, 1996) were 
undertaken throughout the 90s (Lawton et al., 1993; Jones et al., 1998; Bradford et al., 
2002, 2007). Despite the inclusion of up to four trophic levels and gradients in diversity, the 
experiments focussed primarily on the relationships between below-ground diversity and 
respiration or plant productivity, and not nutrient cycling as such (e.g. Naaem et al., 1994). 
Furthermore, microbial communities were introduced into the Ecotron with a paper-filtered 
soil wash to remove larger organisms, which was considered more reliable for this purpose 
than burying enmeshed mesocosms in soil (Lawton et al., 1993). It is regrettable that further 
use of such a research facility, and opportunity to conduct highly controlled but meaningful 
experiments has been discontinued. Kamitani and Kaneko (2006) presented an analogous 
‘Earthtron’ system with smaller experimental designed to focus solely on below-ground 
process (and not on plant growth like in the Ecotron). 
Verhoef (1996) pointed out that the design of experimental unit depends on whether 
one wants to study ecosystem structure (i.e. the composition and distribution of the biotic 
community and the quantity and distribution of abiotic materials e.g. nutrients) or 
ecosystem function (e.g. decomposition, nutrient mineralisation). Microcosm studies should 
include comparable studies at increasing spatial scales and levels of complexity. However 
microcosms were seen as being very appropriate for studying short term (1-3 months) litter 
degradation i.e. measuring CO2 production, DOC, and nutrient cycles. Verhoef (1996) 
proposed the future development of soil microcosms should be based on the 3 ‘C’s of soil 
ecosystem studies: constructing (developing new systems with accurate descriptions of 
experimental units); comparing (between specific treatments and control values – absolute 
values being impossible to attain); and combining (experiments at increasing levels of 
resolution). 
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Cortet et al. (2003) concluded from the observed suppression of N mineralisation by 
top predators (mites) that functional diversity and key soil food web components were most 
important: functional dissimilarity between constituent species was proposed as the main 
driving force in soil biodiversity-process relationship. This was confirmed in a more 
elaborate experiment by Heemsbergen et al. (2004), who, using soil microcosms with 
varying numbers and combinations of macro-detrivores (Annelida, Isopoda and Diplopoda), 
convincingly demonstrated that the number of species per se did not have the strongest 
effect on ecosystem processes (soil respiration and leaf litter mass loss). Rather 
communities consisting of functionally dissimilar species had stronger effects on process 
rates than communities of functionally similar species. This phenomenon is due to 
facilitative interactions between species carrying out different functions during leaf litter 
decomposition for example (fragmentation followed by incorporation), and in general 
supports the view that functional diversity is of greater importance than total diversity. 
It is extremely difficult to use field studies or undefined systems to evaluate 
interactions of nematodes, bacteria and plants due to the astronomical number of possible 
combinations. At the same time simplified experimental systems, although useful, lack the 
full complement of real, actual, biotic diversity in soil.  As Huhta and Setala (1990) succinctly 
put it: "The contradictory results [from simplistic studies] may also be a consequence of the 
artificial combinations of species, substrate and physical condition. While a simple 
experiment may show that soil fauna have a positive influence [on decomposition and 
nutrient dynamics], it is questionable whether the same results would be observed in more 
complex multispecies systems.” In a similar vein, Laakso et al. (2000) concluded that the 
variability in outcomes of species composition-function relationships could be due to the 
general low species diversity of most experimental setups. In other words, species-specific 
functional responses (of predation in their case) may explain the variable outcomes from 
different studies, and certainly warrant the development of experiments which aim to 
include as much faunal diversity as is actually encountered in the field. 
 
Although microcosm experiments have contributed much to our mechanistic 
understanding of how soil fauna influence nitrogen mineralisation, they have mostly been 
characterised by low degrees of complexity, which has not improved much despite the 
availability of new and more reliable methodologies. It is the aim of the current thesis to 
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investigate the influence of nematodes – encompassing several trophic groups of soil fauna 
– on the process of nitrogen mineralisation using a microcosm design that is as realistic as 
possible. To achieve this, a physically non-invasive defaunation technique – gamma 
irradiation – was combined with the use of appropriate nematode extraction and 
reinoculation techniques. These research tools for constructing microcosms of contrasting 
functional diversity (intact controls with the full complement of soil fauna, defaunated 
cores, and defaunated cores reinoculated with nematodes only) were combined with 
modern and proven measures of microbial abundance (biomass by fumigation extraction) 
and community composition (PLFA analysis). The microcosms used were intended for the 
study of agricultural soils, as in these the understanding of nitrogen dynamics is of crucial 
importance for sustained crop production. During the research on experimental microcosm 
design in the scientific literature, the different techniques and measurement methods used 
throughout this thesis were first tested and applied to a one-time survey of agricultural soils 
under contrasting management (Chapter 3). Initial tests on the effects of different doses on 
gamma irradiation on the parameters of interest, with a further focus on low-dose 
irradiation for nematode elimination were conducted in Chapter 4. A first full incubation 
experiment based on these findings was carried out in Chapter 5, in which was soil was left 
unamended but the effect of physical disturbance investigated. A similar but more thorough 
experiment was carried out in Chapter 6, in which the effect of different organic 
amendments on the mineralisation caused by nematodes was investigated. The main 
findings are summarised and discussed in Chapter 7, with reference to the larger body of 
literature presented in this chapter. 
 
Chapter 3: 
Nematode and microbial communities 
in organically and conventionally 
managed leek fields 
 
 
 
This chapter includes excerpts from the following conference contributions: 
 
Buchan, D., De Neve, S., Moens, M. 2008. Comparing the nematode community structure 
and soil characteristics of organic and conventionally managed leek on sandy soils. 
Proceedings of the 5th International Scientific Conference on Sustainable Farming 
Systems, Piestany, Slovakia. 
 
Buchan, D., Moeskops, B., Ameloot, N., De Neve, S. 2010. Microbial and nematode 
communities in organically and conventionally managed soils. SOM Dynamics 
Conference, Presqu’Ile de Giens, France. 
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Abstract 
 
Organic agriculture is often associated with an increased abundance and diversity of 
soil organisms, which may positively influence a number of soil functions, including nutrient 
cycling. A survey was undertaken in the spring of 2008 to compare soil characteristics and 
the microbial and nematode communities in leek fields on soils with a sandy texture. 
Organically managed fields had significantly higher amounts of organic carbon and a lower 
bulk density, but also lower pH (KCl) and clay contents. Microbial biomass and total and 
marker PLFA concentrations did not differ between organic and conventional fields; neither 
did the abundance of most nematode trophic groups. Only fungivorous nematodes were 
present in greater proportions in organic fields, due largely to high numbers of Filenchus 
(Tylenchidae), however this was not reflected In the concentration of the fungal PLFA 
biomarker. A number of conventionally managed fields which had received large amounts of 
compost and/or farmyard manure did not differ from organic fields on the basis of their 
organic matter content or microbial community composition, however they could be 
distinguished from all other fields using principal component analysis (PCA) of the entire 
data set. The classification of fields according to their management regime was therefore 
not a sufficient criteria by which to evaluate the effect of contrasting management 
principles and practices on soil biological characteristics. However the greater presence 
abundance of fungivorous nematodes suggests a residual effect of organic enrichment from 
long-term compost application in the absence of mineral fertilizers.  
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3.1 Introduction 
 
Organic agriculture aims and claims to promote soil biodiversity and support a more 
integral soil food web (de Wit and Verhoog, 2007). Given that numerous soil functions are 
carried out by soil biota, agricultural practices that positively influence the abundance of soil 
biota are desirable for fostering long-term agricultural sustainability (Pimentel et al., 2005). 
Certified organic agriculture distinguishes itself from conventional agriculture mainly 
by the exclusion of mineral fertilizers, synthetic pesticides and herbicides and genetically 
modified seed and a greater reliance on organic amendments and specific agronomic 
practices (Luttikholt, 2007). Of these, the beneficial effect of organic amendments in 
increasing organic matter levels in soil, which in turn allows a greater abundance of soil life, 
is of particular interest in agriculture as soil organic matter also underpins numerous 
essential soil functions such as nutrient supply and cation exchange capacity, aggregate 
stability, porosity, drainage and moisture retention (Lal, 2007). More complex sources of 
organic matter, such as lignin-rich composted plant matter commonly applied by organic 
farmers, and low levels of mineral N and P in soil have also been shown to beneficially 
impact saprophytic and in particular mycorrhizal fungi (Gosling et al., 2006). Due to the 
prohibited use of mineral fertilisers in certified organic agriculture, farmers rely on organic 
amendments to provide sufficient plant nutrients. However organic amendments vary 
widely in their physical, chemical and biological properties. 
Both long term trials and surveys have shown organic management results in more 
abundant and diverse soil biota (Mäder et al., 2002; van Diepeningen et al., 2006). However 
in comparative surveys differences due to soil texture and crop type are not always taken 
into account. Seasonal temperature fluctuations further influence soil biota (Mulder et al., 
2003), as do fertilisation and tillage (Neher, 1999). 
Among soil biota, nematodes have been recognised as useful indicators of soil 
conditions, being ubiquitous, abundant and present at several trophic levels in the soil food 
web (Bongers, 1990; Ferris and Bongers, 1999). Their extraction is standardized and 
individuals can readily be identified and allocated to functional and trophic groups (Bongers, 
1990; Ferris et al., 2001). As the primary decomposers of organic resources, bacteria and 
fungi transfer C and N to the rest of the soil food web, and also represent the food source of 
higher consumers, which in largely consist of microbivorous nematodes. There is growing 
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evidence that the adoption of organic farming and cessation of minerals fertilisers and 
pesticide may have profound effects on microbial communities, particularly the balance 
between bacteria and fungi (Lejon et al., 2007). 
A survey of organically and conventionally cultivated soils was undertaken in order to 
compare the size and structure of the microbial and free-living nematode communities, and 
how both of these relate to more commonly determined soil physico-chemical variables. 
Leek (Allium porrum) is a common over-wintering crop of intensive field vegetable 
production in the sandy loam/loamy sand soils of Flanders (Belgium) and is seldom fertilised 
during winter or early spring. In addition, leeks have a high N demand and a relatively 
shallow root system and are in general highly responsive to organic fertilisation (Båth and 
Ramert, 2000). The aim of this survey was to compare organically and conventionally 
managed leek fields at a time of year when biological activity is expected to be low and 
unaffected by recent tillage and fertilisation activities. We wanted to verify whether organic 
management resulted in different microbial and nematode communities, and whether  
these were linked to soil characteristics. 
 
 
3.2 Materials and Methods 
 
3.2.1 Sampling 
Given organic farms tend to be smaller in size and contain a greater diversity of crops 
and rotations thereof than conventional farms, entire farms could not be selected as  
sampling units. Instead one or more individual fields in conventional and organic farms and 
supporting a single and identical crop were chosen. We selected leek (Allium porrum) 
because it is commonly cultivated in Flanders, is grown overwinter, and usually in 
monoculture on fields about a hectare in size. Sampling was undertaken in early April 2008 
over a period of about a week, shortly before leek was harvested. This time of year was 
chosen to minimise the potentially over-riding effects of previous ploughing and fertilisation 
operations. 
A total of 13 farms, 6 organically (certified) and 7 conventionally managed were 
chosen within the general agro-pedological region of sandy loam/loamy sand soils (Fig. 3.1). 
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On all but one of these, a single field growing leek was sampled; on one conventional farm 
with a large acreage (RC), two separate fields were sampled (RCV and RCG, Table 3.1). On 
another conventional farm (KD), only two bulk samples were taken from the main field 
(KDG) and a single bulk sample was taken from a smaller leek field (KDK). Only a limited 
amount of information concerning fertilisation could be collected, none of which was 
quantitative in nature (Table 3.1). Unless otherwise stated, plots had been fertilised before 
or during the winter before sampling. Although many farms had fields of leek averaging 2 
ha, many farmers had started to harvest leek, hence the areas given in Table 3.1 are 
estimates of the remaining area of leek sampled. We intentionally restricted our survey to 
soils with a sandy loam/loamy sand texture because most organic leek growers we could 
find were located in such regions. However, two of the sampled farms (BD, conventional; 
JPM, organic) had significantly higher clay contents than all the others (Table 3.1). Although 
the details for these are given here, they were excluded from further laboratory and 
statistical analyses due to the over-riding effects of soil texture differences on soil chemical 
and biological properties.  
In each field, 3 replicate bulk samples were taken from different parts of the field. 
Each of these three bulk samples consisted of 40 core augerings (0-20 cm depth) randomly 
taken from within a 10 x 10 m area. Where leeks were grown in ridge and furrow systems, 
augerings were only taken between leek plants on the ridges. All the augerings from each 
bulk sample were roughly mixed in a bucket in situ, and a ca. 1 kg sub-sample was placed in 
a plastic bag and kept in a cooler box until being returned to the lab, where samples were 
stored at 4˚C. At each sampling location, 3 undisturbed cores were collected for the 
simultaneous determination of bulk density and soil moisture at sampling. 
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Figure 3.1. Agro-pedological zones of Flemish Region (Belgium) showing sampling locations (red 
dots: conventionally managed; green dots: organically managed). 
 
 
3.2.2 Laboratory analyses 
From each bulk replicate, sub-samples of ca. 100 g were air-dried for the 
determination of pHKCl (1:5 ratio soil:KCl solution) and texture. The texture was determined 
using the Hydrometer method (Bouyoucos, 1961) using a single bulked sample from each 
field. Organic C was determined from a traditional Walkley & Black oxidation with 
dichromate. Mineral N (as NO3
- and NH4
+) was determined from 30.0 g fresh soil extracted 
with 60 ml 1 M KCl and measured colorimetrically by a continuous flow auto-analyzer 
(Chem-lab 4, Skalar Analytical, Breda, the Netherlands). Microbial biomass carbon (Cmic) was 
determined using the fumigation-extraction technique (Vance et al., 1987). Fumigated soil 
and non-fumigated controls (30.0 g fresh soil) were extracted with 60 ml 0.5 M K2SO4 and 
stored at −18 ˚C until analysis. Organic carbon contents of the extracts were determined 
with a TOC analyser (TOC-VCPN, Shimadzu Corporation, Kyoto, Japan). For conversion from 
organic C in extracts to Cmic in soil a kEC value of 0.45 was assumed (Joergensen, 1996). 
For the extraction of nematodes the zonal centrifuge extraction method as described 
by Hendrickx (1995) was employed, which uses centrifugation to separate free-living 
nematodes from mineral and most organic soil constituents based on their specific density. 
Sub-samples of 150.0 g fresh soil were used to extract nematodes, although the zonal 
centrifuge only recovers 50% of the soil and water suspension. All the nematodes in each 
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sample were concentrated in 10 ml distilled water after extraction by waiting for nematodes 
to settle naturally by gravity and counted under a binocular microscope. All extracts were 
then fixed with formaldehyde and replicates combined into a single composite sample for 
each field, from which mass slides were made for the identification of nematodes to family 
and/or genus level following Bongers (1988). For each composite sample, at last 100 
individuals were identified and allocated to trophic group according to Yeates et al. (1993), 
except for the genus Filenchus (Tylenchidae) which was considered as a fungivore as 
opposed to a root-hair feeder, in accordance with Christensen et al. (2007). Maturity (MI, 
MI2-5, PPI) and community indices (EI, SI, BI, CI) for nematode communities in each 
composite sample were calculated from the percentage distribution of nematode taxa 
following Bongers (1990, 1999), Ferris et al. (2001) and Ferris and Bongers (2006). The 
faunal profile of organic and conventional fields was also derived from the percentage 
composition of herbivorous, bacterivorous and fungivorous nematodes (Ferris and Bongers, 
2006). The abundance (individuals g-1 dry soil) of the major taxa and trophic groups was also 
calculated by multiplying proportions by the total nematode abundance. 
Phospholipid fatty acids (PLFAs) were extracted using a modified Bligh and Dyer (1959) 
technique. The procedure followed is fully described by Moeskops et al. (2010). Briefly, 
lipids were extracted from 4.00 g freeze-dried soil with a one-phase mix of phosphate buffer 
(pH 7.0), chloroform and methanol (in volume ratios of 0.8:1:2). Lipids were then 
fractionated into neutral, glyco- and phospholipids using SiOH SPE cartridges (Chromabond, 
Macherey-Nagel GmbH, Düren, Germany). Neutral and glycolipids were discarded and the 
phospholipid fraction was subjected to mild alkaline methanolysis to give fatty acid methyl 
esters (FAMEs). These were dried down under N2 and re-dissolved in 300 μl hexane 
containing 8 ppm 19:0 (nonadecanoic acid methyl ester; Sigma-Aldrich Inc., St. Louis, USA) 
as an internal standard. Samples were analyzed by capillary gas chromatography–mass 
spectrometry (Thermo Focus GC coupled to Thermo DSQ MS; Thermo Fischer Scientific Inc., 
Waltham, USA), using splitless injection, helium as a carrier gas and  a  Restek Rt-2560 
capillary column (100 m length x 0.25 mm internal diameter, 0.2 μm film thickness; Restek, 
Bellefonte, USA). FAMEs were identified by chromatographic retention time by comparison 
with a standard quantitative FAME mixture (Restek Food Industry FAME mix 35077) and a 
qualitative FAME mixture (Supelco Bacterial Acid Methyl Ester mix 28039U, to which 
individual standards of a16:0, a17:0, 16:1ω5, 10Me16:0 and 10Me18:0 were added). FAMEs 
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were quantified using serial dilutions of the quantitative FAME mix; for FAMEs for which 
only qualitative standards were available, the calibration curve of the nearest analogous 
component was used, so that the concentration of all FAMEs could be expressed in nmol g-1 
dry soil. Only FAMEs which could be accurately identified based on the retention time of 
known standards were measured and included in further analysis, after which no major 
peaks remained unidentified in any of the sample chromatograms. Of the 49 standard 
FAMEs which could be detected with certainty, 25 consistently occurred in significant 
amounts, always representing more than 90% of the total measured FAME concentration. 
Only these FAMEs were retained for further statistical analysis and the sum of these is 
henceforth referred to as the ‘total’ amount of PLFAs (expressed in nmol g-1). The 
nomenclature of fatty acids was adapted from Zelles (1999); potential taxon-specific 
biomarker FAMEs were taken from Moeskops et al. (2010) as follows: the sum of i15:0, 
a15:0, i16:0,  a16:0, i17:0 and a17:0 for Gram-positive bacteria; cy17:0 and cy19:0 for Gram-
negative bacteria; the sum of 10Me16:0 and 10Me18:0 for the actinomycetes, 18:1ω9c and 
18:2ω6,9c for saprotrophic fungi and 16:1ω5c for arbuscular mycorrhizal fungi (AMF). 
 
3.2.3 Statistical analyses 
For all fields and variables except texture, nematode composition data and ecological 
indices, the means and standard errors were computed from the three bulk replicates. 
Texture, nematode community composition and derived indices were determined from 
single composite samples for each field. All organic and conventional fields were compared 
using two-tailed independent samples t-tests (p<0.05). Additionally, for variables for which 
three replicates were available per field (i.e. all except texture and nematode data), a one-
way ANOVA with ‘field’ as single factor and using Tukey’s HSD posthoc tests was carried out 
to determine which individual fields differed significantly from others (p<0.05). A 
multivariate principal component analysis (PCA) using the correlation matrix of all the 
physico-chemical and PLFA data of individual replicates was also carried out. All possible 
bivariate correlations were investigated using Pearson’s correlation coefficient and a 
significance level of p<0.05. All statistical analyses were carried out using the software 
package SPSS version 17.0 (SPSS Inc., Chicago, Illinois, USA). 
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3.3 Results 
 
3.3.1 Soil physical and (bio)chemical characteristics 
Following the removal of the two fields with a high clay content, a significantly lower 
clay content was still found for the organic fields sampled (Table 3.1, Table 3.2). Yet the bulk 
density was significantly lower in organic fields than in conventional fields, as a result of 
significantly greater organic C (Corg) contents (Corg was significantly negatively correlated 
with bulk density and clay content: R=−0.66, p<0.001 and R=−0.54, p<0.001 respectively). 
The pHKCl was also significantly lower in organic fields and negatively correlated with sand 
content (R=−0.59, p<0.001), but weakly positively correlated with clay content and bulk 
density (R=0.37, p=0.020 and R=0.39, p=0.013 respectively). Concentrations of mineral 
nitrogen at the time of sampling tended to be very low and did not differ significantly 
between management type (Table 3.1). Microbial biomass carbon (Cmic) was altogether low 
but also highly variable (Table 3.3), and was not significantly greater in organic fields than in 
conventional ones, although it did tend to be higher in the former. Cmic was only weakly 
correlated with Corg (R=0.39, p=0.014) and not strongly correlated with other physico-
chemical variables. 
The conventionally managed fields RCV and KDK, which had received organic 
fertilisation and lime in addition to mineral fertiliser, stood out from all other fields owing to 
them having the lowest bulk densities, highest pH values (after RCG), highest Corg contents 
and highest ammonium concentrations (after RCG)(Table 3.1). In addition the highest Cmic 
was measured in KDK although this could not be statistically tested due to there being only 
a single replicate (Table 3.1).   
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Table 3.2. Means and standard errors for measured soil parameters in organic and conventional 
leek fields following removal of two fields with high clay content. Significant p-values form t-tests 
are indicated in bold.  
Parameter  Organic  Conventional  T-test p-value  
Bulk density (Mg m-3)  1.23 ± 0.02  1.35 ± 0.03  0.001  
Clay content (%)  4.31 ± 0.10  7.68 ± 0.48  0.000  
Organic C (%)  1.99 ± 0.09  1.29 ± 0.16  0.001  
pH (KCl)  5.43 ± 0.10  6.31 ± 0.19  0.000  
NO3
--N (μg N g-1) 2.35 ± 0.35 2.41 ± 0.56 0.932 
NH4
+-N (μg N g-1) 0.93 ± 0.14 1.27 ± 0.26 0.262 
Cmic (μg C g
-1)  58.73 ± 6.68  51.96 ± 7.90  0.528  
 
 
3.3.2 Phospholipid fatty acid analyses 
The total concentration of PLFAs tended to be greater in organic fields although the 
difference was not significant (Table 3.3). Of all the microbial biomarkers, only that for 
Gram-negative bacteria was present in significantly greater concentrations in organic fields 
(p=0.019). Other microbial markers tended to be present in larger concentrations in organic 
fields, however notably, the concentration of the fungal biomarker 18:2ω6 showed no 
response to management and differed little between fields (which was also the case for the 
alternative biomarker 18:1ω9, data not shown). The marker for AMF 16:1ω5 tended to be 
higher in organic systems but the difference was also not significant (Table 3.3). However a 
number of individual PLFAs were present in significantly greater concentrations in organic 
fields: bacterial PLFAs 15:0 and i16:0 (p=0.011 and p=0.031 respectively), actinomycete 
marker 10Me18:0 (p=0.003), and potential saprophytic fungal marker 18:3ω3 (p=0.028). The 
bacterial:fungal (B:F) ratio using the fungal marker 18:2ω6) was significantly higher in 
organic fields (p=0.002, Table 3.3), which given the fairly constant value of 18:2ω6 
concentrations, reflects the greater abundance of bacterial markers in general. It was 
positively correlated with Corg (R=0.41, p=0.017) and negatively with pH (R=−0.56, p=0.001) 
and clay content (R=−0.45, p=0.008). 
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Neither the total PLFA concentration nor that of any biomarkers correlated with Cmic. 
However total PLFA concentration was strongly positively correlated with Corg (R=0.81, 
p<0.001), total nematode abundance (R=0.71, p<0.001) and negatively with bulk density 
(R=−0.62, p<0.001) and clay content (R=−0.44, p=0.007). This was also the case for most 
individual and biomarker PLFAs although there were some notable exceptions: the fungal 
biomarkers 18:2ω6 and 18:1ω9, the AMF biomarker 16:1ω5 and the other two major mono-
unsaturated PLFAs 16:1ω7 and 18:1ω7 were the only PLFAs positively correlated with pH 
(p=0.007, 0.010, 0.018, 0.016 and 0.030 respectively), while both fungal biomarkers were 
the only PLFAs not negatively correlated with clay content. 
The same conventional fields RCV and KDK stood out from all others by having the 
highest total PLFA concentrations and concentrations of all microbial biomarkers except 
actinomycetes (for which the organic fields LL and JH had equally high concentrations as 
KDK). In order to take into account the complex relationships and numerous correlations 
between the physico-chemical variables and the PLFA data, the entire data set was 
subjected to a multivariate principal component analysis (PCA). The first two principal 
components (PC) explained 74.25% of the variation in the data, all measured variables 
except NO3
-, Cmic and total nematode abundance strongly contributed to segregating the 
data into distinct clusters. Thus, along PC1, conventional fields KDK, RCV and most organic 
fields were distinguished from all others based on greater concentrations of Corg and all 
PLFAs, and to a lesser extent a greater nematode abundance. In the opposite direction, the 
conventional fields RCG, JC, WD and GD were distinguished from others by a greater bulk 
density and clay content. Along PC2, conventional but organically-amended fields RCG, KDK, 
and RCV were distinguished from other fields by a higher pH, and higher concentrations of 
NH4
+ and fungal and AMF biomarkers, but also a higher soil moisture and silt content. 
Organic fields on the other hand were distinguished by a greater B:F ratio and sand content. 
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Figure 3.2. Biplot of first two principal components of PCA analysis. The fist principal component 
explained 58.7 % of the variation in the data, the second component another 15.6 %, Crosses 
indicate the component scores for individual fields: red symbols indicate conventional fields, 
green ones organic ones. The vectors represent the component loadings for all measured variables 
(summarized in blue). 
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3.3.3. Nematode community composition 
 
Total nematode abundance did not differ significantly between organic and 
conventional fields although tended to be greater in the former (Table 3.4, Table 3.5). Total 
nematode abundance was positively correlated with Corg (R=0.64, p<0.001), NH4
+ (R=0.45, 
p=0.005), and total PLFA concentration (R=0.71, p<0.001) and negatively correlated with the 
clay content (R=−0.49, p=0.002). Out of all the trophic groups, only the abundance and 
percentage composition of the fungivorous nematodes differed significantly between 
organic and conventional fields, being more than twice as great in organic fields (Table 3.4). 
The greater importance of fungivorous nematodes in organic fields was also clearly reflected 
in the faunal profile based on the relative proportions of herbivores, fungivores and 
bacterivores (Fig. 3.3). This difference was almost solely due to the presence of the genus 
Filenchus (Tylenchidae), which was present in proportions 3 times greater in organic fields 
than in conventional ones (Table 3.4). In organic fields between 6.9 and 32.3 % of all 
nematodes identified belonged to the genus Filenchus (mean: 18.3 ± 4.7 %), whereas among 
conventional fields the proportion of Filenchus only exceeded this minimal value in RCG ( 
15.3%; mean for conventional fields: 5.9 ± 2.0 %). Moreover, a much larger proportion of all 
Tylenchidae combined (which with the exclusion of Filenchus constituted at least 50% of all 
herbivores) belonged to the genus Filenchus in organic fields (47.9 ± 6.3 %) compared to 
conventional fields (24.4 ± 5.4 %; p = 0.019). The ubiquitous fungivore Aphelenchus was 
present in proportions twice as high in organic fields, but the effect was not significant (7.3 ± 
1.7 % versus 3.5 ± 1.0 %, p=0.075). 
The proportions of bacterivorous and omnivorous-predatory nematodes tended to 
consequently be higher in conventional fields, although this did not result in any significant 
differences. Carnivorous Mononchidae were found in moderate proportions (4.2%) on only 
one conventional field on which large amounts of compost had been applied (RCG, data not 
shown). The c-p 4 bacterivore Alaimus occurred in greater proportion in organic fields, but 
because it was only detected in some fields there was no significant difference (data not 
shown). Criconematidae and Paratylenchus were only detected in organic fields; 
Rotylenchus was generally present in greater proportions in organic fields, while 
Pratylenchus was more common in conventional fields (data not shown, no significant 
effects).  
Chapter 3 
82 
 
The conventional field RCV stood out by having a particularly high abundance of 
nematodes, which almost exclusively due to a high abundance of bacterivorous Rhabditidae, 
which resulted in the bacterivorous nematodes constituting 77.8% of the population (Table 
3.5). The conventional field KDK and the organic fields DH and JH also had a high abundance 
of nematodes due to high numbers of bacterivorous nematodes (constituting respectively 
64.3, 69.2 and 52.0% of the nematode population). The relatively high abundance of 
nematodes in the conventional field RCG and the organic fields MB and EV were caused by 
high proportions of herbivorous (41.7, 45.3 and 54.3% respectively) and fungivorous 
nematodes (26.4, 21.4 and 19.1% respectively). The organic fields LL and JH were also 
characterised by a high proportion of fungivores (39.4 and 29.4% respectively), while the 3 
conventional fields with the lowest nematode abundance (WD, JC and GD) were instead 
dominated by bacterivores (46.8, 56.6 and 62.8% respectively). Somewhat surprisingly, 
conventional fields JC and GD had by far the highest proportion of predatory and 
omnivorous nematodes (11.2 and 11.7% respectively), however in terms of absolute 
abundance RCV (conventional) and JH (organic) had more omnivores than GD (1.88 and 1.72 
versus 1.53 individuals g-1, not statistically verifiable). The conventional fields WD, JC and GD 
and also KDK and RCV had the lowest absolute and relative amounts of fungivores. 
None of the nematode community indices differed significantly between organic and 
conventional fields, although the CI tended to be higher in organic fields, but was also highly 
variable (Table 3.4, Table 3.5). The plant-parasitic index (PPI) showed no meaningful trend 
and was not correlated with any other indices or trophic groups (Table 3.4). The maturity 
index (MI) was inversely related to the enrichment index (EI, R=−0.73, p=0.010) while the MI 
for nematodes with c-p values 2 to 5 only (MI 2-5) was equivalent to the structure index (SI, 
R=0.94, p<0.001). Given that the quantities for the EI and SI span a greater range and 
include a weighting for the relative contribution of trophic groups (Ferris et al., 2001), we 
restricted our data analysis to these indices only. The basal index (BI) varied between fields 
without any obvious pattern, although BI was strongly negatively correlated with EI 
(R=−0.99, p<0.001) and positively correlated with CI (R=0.75, p=0.008). 
Only one conventional field, RCG, had a relatively high CI more than twice as high as 
all other conventional fields, reflecting the greater proportion of fungivores in this field only. 
Among the organic fields, DH and JH had comparatively low CI values, but in turn had very 
high EI values. In the conventional fields those with low CI also had the highest EI values 
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(WD being an exception, given its high proportion of herbivores). EI and CI were strongly 
negatively correlated with each other (R=−0.76, p=0.007), while SI bore no relationship with 
these indices. However as a result of the greater SI in the conventional fields, SI was 
apparently positively correlated with clay content (R=0.69, p=0.019) and negatively 
correlated with Corg (R=−0.67, p=0.023) and Cmic (R=−0.63, p=0.038). None of the maturity 
and community indices were correlated with any of the PLFA data. 
In general, both the absolute and relative abundances of nematode taxa and 
functional groups correlated poorly with physico-chemical and PLFA data. The abundance of 
all Tylenchidae including Filenchus was negatively correlated with the clay content (R=−0.71, 
p=0.014). The abundance of dauer larvae was positively correlated with Corg (R=0.72, 
p=0.013), total PLFA (R=0.67, p=0.025), the fungal marker 18:1ω9 (R=0.70, p=0.016) and the 
biomarkers for Gram-positive bacteria (R=0.63, p=0.037). The general opportunist 
bacterivorous Cephalobidae were the only taxa to be correlated with Cmic (R=0.67, p=0.026) 
and the concentration of all unsaturated PLFAs except 18:3ω3 (thus including the fungal and 
AMF biomarkers). 
Besides obvious correlations between nematode taxa that were closely related to 
each other in terms of feeding habits and indices derived from these, there were few 
correlations within the nematode data set. However, the abundance of omnivorous and 
predatory nematodes was strongly positively correlated with the abundance of c-p 1 
bacterivores (R=0.72, p=0.013), while the abundance of the Qudsianematidae (the dominant 
family of omnivores in all fields) was positively correlated with the total abundance of all 
bacterivores (R=0.61, p=0.047) and that of the dauer larvae (R=0.71, p=0.015). The 
abundance of Rhabditidae was naturally correlated with that of their dauer larvae (R=0.74, 
p=0.009). 
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Table 3.4 Means and standard errors for nematode total and trophic group abundances and 
nematode community indices. Significant p-values for t-tests are indicated in bold. 
Trophic group or index 
Organic Conventional p-value 
ind. g-1 % ind. g-1 % ind. g-1 % 
Total nematodes (subset 
for identification) 
17.44 ± 1.98 15.51 ± 3.41 0.638 
Total nematodes (all) 16.0 ± 1.1 14.4 ± 1.8 0.442 
Nematode taxa 
 
     
Herbivores 5.01 ± 1.08 31.5 ± 8.4 3.6 ± 0.8 26.2 ± 5.6 0.316 0.598 
excl. Tylenchidae 1.98 ± 0.84 13.0 ± 5.5 1.23 ± 0.66 9.4 ± 4.4 0.494 0.620 
     
Fungivores 4.39 ± 0.94B 24.9 ± 4.3B 1.67 ± 0.58A 11.1 ± 3.3A 0.031 0.029 
Filenchus 3.22 ± 0.95 18.3 ± 4.7B 0.93 ± 0.35 5.9 ± 2.0A 0.073 0.030 
     
Bacterivores  7.32 ± 2.11 39.8 ± 8.9 9.21 ± 3.13 55.8 ± 7.2 0.645 0.192 
       Rhabditidae 3.98 ± 1.93 19.9 ± 8.4 3.93 ± 2.56 19.1 ± 7.6 0.988 0.943 
       Cephalobidae 2.25 ± 0.35 13.5 ± 2.5 2.97 ± 0.66 21.9 ± 4.9 0.388 0.187 
Dauer larvae 1.62 ± 0.22 9.6 ± 1.5 1.52 ± 0.70 8.3 ± 2.6 0.899 0.659 
     
Omnivores – Predators 0.72 ± 0.28 3.8 ± 1.1 1.01 ± 0.24 7.0 ± 1.5 0.459 0.128 
Nematode indices 
 
     
Plant-parasitic Index 2.25 ± 0.12 2.28 ± 0.10 0.849 
Maturity Index 1.86 ± 0.12 1.90 ± 0.11 0.809 
Maturity Index (c-p 2-5)  2.25 ± 0.06 2.42 ± 0.12 0.259 
Enrichment Index  68.67 ± 8.34 69.23 ± 7.38 0.961 
Structure Index  30.68 ± 5.03 47.33 ± 9.05 0.164 
Basal Index  26.21 ± 6.36 24.59 ± 6.49 0.864 
Channel Index  32.58 ± 13.01 14.82 ± 6.64 0.232 
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Figure 3.3. Faunal profile of conventional (red dots) and organic (green dots) leek fields 
(omnivores and carnivores excluded). Labelled crosses and the circle around them represent the 
means and pooled standard error of the mean according to management respectively. 
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3.4 Discussion 
 
3.4.1 Physical and (bio)chemical soil characteristics 
Despite an intentional sampling strategy designed to sample soils with similar texture, 
the clay content of conventional fields was significantly higher. Soil texture has far-reaching 
effects on numerous soil properties, such as bulk density, pH and the inherent accumulation 
of organic matter. Other authors also found texture had and over-riding effect on soil 
properties in comparisons between organic and conventional farming (Neher, 1999; van 
Diepeningen et al. 2006). The known decrease in the nematode extraction efficiency with 
increasing clay content prompted us to exclude the fields BD and JPM from further analyses. 
Although the clay content is normally positively correlated with Corg and negatively with bulk 
density, the opposite was observed in this study. This was because the organic fields 
sampled had a lower clay content but had also received on average more organic matter, 
resulting in a much reduced bulk density and levels of soil organic carbon almost twice as 
high. The higher pH in conventional fields may be attributed to differences in texture, 
however most of these had received lime, which was even visible during sampling. At the 
same time, repeated compost application would be expected to raise the pH of organic 
soils. In a similar type of survey, van Diepeningen et al. (2006) found no difference in pH 
between organically and conventionally managed systems, while Birkhofer et al. (2008) 
found a higher pH in organic and in particular in biodynamic rotations.  
A greater organic matter content as a result of organic management is a widespread 
observation in many comparative studies (e.g. Yeates et al., 1997; Birkhofer et al., 2008). 
However other studies have found only small or no differences in Corg (Mäder et al., 2002; 
van Diepeningen et al., 2006), although these focussed on arable crop rotations which were 
fertilised with manure and not compost. Birkhofer et al. (2008) attributed the greater Corg in 
organic systems versus conventional systems having received the same amount of manure 
to the greater decomposition rates of organic matter with the added presence of mineral 
fertilisers. Clearly though, over the long-term, the organic fertilisation of leek crop systems 
results in a more elevated organic matter content in soil. 
Increase of Cmic due to higher organic matter content is long established and 
consistently demonstrated (Šimek et al., 1999;  Kallenbach and Grandy, 2011) and critically 
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linked to the repeated and enduring application of organic amendments, particularly more 
stabilised forms such as compost (Diacono and Montemurro, 2010). However in this study 
Cmic was not significantly higher in organic fields, perhaps due to the comparatively low 
values found compared to other studies where significant differences were observed 
(Yeates et al., 1997; Mäder et al., 2002; Mulder et al., 2003; Monokrousos et al., 2006). In a 
later study of the DOK trial than Mäder et al. (2002), and focussing only on wheat plots, 
Birkhofer et al. (2008) found a significantly higher Cmic in organic systems compared to 
conventional treatments that had received the same amount of manure. So although the 
amount of organic matter added is the dominant factor controlling Cmic, other management-
specific practices also influence its magnitude. It is possible that the lack of any significant 
difference in our study was due to one of the many other confounding variables such as soil 
type and lime addition. Shannon et al. (2002) found no significant differences in Cmic 
between organically and conventionally cultivated farms with arable rotations, but then 
again there were few differences in soil organic matter contents either. Van Diepeningen et 
al. (2006) also found no significant differences between organic and conventional mixed 
vegetable systems because conventional farmers also used organic amendments. The 
altogether low values may be ascribed to a lack of recent organic inputs in most fields and 
the modest soil temperatures at sampling. However peak Cmic is regularly found to be 
highest in spring due to increasing temperatures and more available substrates from already 
present crops through root exudation (Friedel et al., 2001). As the medium- to long-term 
average input of organic substrates has been shown to determine Cmic under equilibrium 
conditions – i.e. without disturbance from recent cultivation and fertilisation (Friedel and 
Gabel, 2001), Cmic has been proposed to be best estimated in early spring before fertilisation 
(Ros et al., 2006). 
Bulk density was strongly negatively correlated with Corg and even strongly positively 
correlated with clay content, contrary to the established relationship between texture and 
bulk density. The total amount of organic matter in soil clearly determined the biomass of 
microbial and nematode communities, as exemplified by the strong correlations of total 
PLFA concentrations and total nematode abundance with Corg. In contrast, Cmic as 
determined here by the fumigation-extraction technique was only weakly correlated with 
Corg. 
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3.4.2 Phospholipid fatty acid profiles 
Remarkably, the concentration of the fungal biomarker 18:2ω6 did not differ 
significantly between any of the fields sampled, although the single composite sample of 
KDK did have a higher concentration than measured on any other field. The concentration of 
an alternative fungal biomarker, 18:1ω9 (Joergensen and Wichern, 2008) on the other hand 
did vary by a factor of three between different fields. It was highest in RCV, and was highest 
in all organic fields except DH than in the other conventional fields. A similar pattern was 
observed for the fungal PLFA 18:3ω3 although it varied relatively less in magnitude between 
fields. So it is entirely plausible that in the particular case of leek fields, the PLFA 18:1ω9, 
and possibly also 18:3ω3, are better indicators of saprophytic fungi than 18:2ω6. This may 
be due to specific fungal taxa particularly abundant in the rhizosphere of leek plants, 
although there is a lack of information on the microbial communities specific to leek fields. 
Several comparative studies have found fungi in general and arbuscular mycorrhiza in 
particular to be more abundant – or perhaps more accurately, less inhibited – in organically 
managed agroecosystems compared to their conventional counterparts (Ryan and Graham, 
2002; Shannon et al., 2002; Gosling et al., 2006). Although leeks generally respond 
favourably to AMF colonization (Tuffen et al., 2002; Milleret et al., 2008), the lack of any 
differences in the concentration of PLFA biomarkers for fungi and AMF in our study may be 
due to the over-riding effects of the frequent and intense leek-specific tillage operations, 
which are likely to strongly disrupt fungal communities (Gosling et al., 2006). In the long-
term DOK trial, Birkhofer et al. (2008) found the AMF biomarker did not differ between 
management regimes, perhaps because tillage operations didn’t differ and organic systems 
were subjected to more frequent mechanical weeding. The generally high fertilisation rates 
for field vegetables such as leek and the tendency of soils in Flanders to have high P 
contents may also contribute to the general suppression of saprophytic and mycorrhizal 
fungi in intensely cultivated field vegetable systems (Sorensen et al., 2003). In addition the 
relatively shallow rooting depth of leek could explain the modest development of AMF in 
the root zone of leeks (Kristensen and Thorup-Kristensen, 2007). The early sampling may 
also explain why the concentration of 18:2ω6 was so low in general and didn’t vary much 
between fields. The frequent tillage, ridge formation and harvest operations in leek culture 
could explain a constant inhibition of fungal growth and activity. However given many of the 
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fields had received high amounts of compost, we could expect to see a significantly greater 
concentration of fungal biomarkers. The greater concentration of all microbial biomarkers in 
the organic and conventional fields which had received organic matter may therefore reflect 
differences in the standing biomass of a still largely dormant microbial community. The 
sampling time in spring was chosen so fields could be sampled long after disturbing events 
such as tillage, fertilisation, weeding or ridging, but before harvest time. Thus a sampling in 
late summer early in the growth phase of leek is probably preferable for observing 
differences in soil biology, but might well be overshadowed by the over-riding influence of 
physically disturbing management practices on soil properties in the short-term. The only 
other viable option, but which necessarily requires greater labour costs and represents a 
long-term sampling effort, is to conduct repeated measurements of the same sampling units 
over one or more seasons. 
The bacterial:fungal ratio in this study was significantly greater in organic fields, 
principally as a result of greater concentrations of bacterial PLFAs, such as that of Gram-
negative bacteria. Toyota and Kuninaga (2006) were able to discriminate fields having 
received farmyard manure in addition to mineral fertiliser from fields having only received 
mineral fertiliser on the basis of PLFA profiles, but found no change in the proportion of 
18:2ω6. Peterson et al. (1997), on sandy loam soils, found the total PLFA concentration to 
be higher in organic fields and correlated with Cmic, but did not detect any changes in the 
composition of the microbial community. Birkhofer et al. (2008) found bacterial PLFAs to be 
higher under organic management, but fungal PLFAs were only higher in all treatments 
having received manure versus the one with mineral fertiliser only. Based on a related field 
trial, Haubert et al. (2009) found the total PLFA concentration and fungal PLFA to be higher 
in organic rotations, while bacterial PLFAs were only greater in organic soybean fields and 
not in maize. The B:F ratio was also higher in organic fields.  Yeates et al. (1997) also found 
that fungal PLFAs were consistently greater in organically managed grasslands irrespective 
of soil type (texture), while bacterial PLFAs were only significantly greater in organic 
grasslands on silt soils. These studies suggest the effects of management on the relative 
abundances of bacterial and fungal communities as revealed by PLFA analysis differ 
according to soil type, crop rotations and management practices in general. As a result, the 
computed bacterial:fungal ratio may reflect very different dynamics, and a same value may 
be due to changes in the concentrations of either bacterial or fungal PLFAs, or even both 
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combined. Therefore the PLFA B:F ratio should not be compared between studies on 
different soils or with different cropping systems. The sometimes unexpected responses of 
microbial communities to management practices and different organic amendments is well 
illustrated by Elfstrand et al. (2007a), who found that the incorporation of red clover in soil 
planted with leek increased bacterial and fungal biomass more than compost application, 
while mulching with red clover led to an increase in the PLFA biomarker for AMF. 
 
3.4.3 Nematode abundance and community structure 
 
The total abundance of nematodes tended to be higher in organic fields and was also 
correlated with Corg, as was also found by Yeates et al. (1997). Other authors have found 
total nematode abundance was not affected by organic fertilisation (e.g. Van Eekeren et al., 
2009). Obviously the sum of entirely different trophic groups cannot be expected to respond 
consistently to any differences in management or fertilisation and more detailed 
considerations of individual taxa are warranted. 
Organic fields had a generally greater abundance of herbivores and significantly more 
Tylenchidae (with or without the genus Filenchus), which was the dominant family in most 
fields. In all but the two fields with the highest sand content, herbivores were the dominant 
trophic group among organic fields. Several authors have found greater abundances of 
herbivores in organic systems (Yeates et al., 1997; Neher, 1999; Birkhofer et al., 2008). In 
terms of proportions, Van Eekeren et al. (2009) found non-fertilised or conventional fields 
were dominated by herbivores, while those having received organic fertilisation were 
dominated by bacterivores. A higher PPI was also found for organic fields by Neher (1999) 
and Neher and Olsen (1999), however these studies both considered all Tylenchidae as 
plant-feeders. In our case, the PPI of organic fields would also have been considerably lower 
due to the high abundance of Filenchus (cp-2). Hallmann et al. (2007) reported widespread 
incidence of plant-parasitic nematodes in organic vegetable fields in Germany, particularly 
the genera Pratylenchus, Tylenchorhynchus (Dolichodoridae), Meloidogyne and 
Paratylenchus. Bengtsson et al. (2005) on the other hand concluded from a meta-analysis 
that plant-parasitic nematodes were not more abundant in organic farming. In this survey of 
leek fields, only Paratylenchus and Rotylenchus tended to be more abundant in organic 
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fields; Pratylenchus tended to be more abundant in conventional fields and there were no 
significant differences for Dolichodoridae or Meloidogyne (the latter due to very low 
occurrences). Van Diepeningen et al. (2006) in contrast found that Tylenchorhynchus was 
more abundant in organic mixed vegetable systems. Birkhofer et al. (2008) attributed the 
greater abundance of root-feeders in general to the more extensive root systems of crops in 
organic rotations as a consequence of more extensive root nutrient foraging. Considering 
the close association of most root-feeders with specific plant taxa or crops (Neher, 2010) 
and the fundamental differences in ecological traits of ectoparasites and migratory 
endoparastites for example (Yeates, 2003), it is difficult and perhaps unwise to make any 
generalisations about the incidence of root-feeders in organic versus conventional leek 
fields. 
While there was no significant difference between organic and conventional fields, 
higher numbers of bacterivores (mainly the opportunistic Rhabditidae) were found in the 
fields with highest organic matter levels, and many comparative studies report a generally 
higher abundance of bacterivores in organic farming (Yeates et al., 1997; Neher and Olsen, 
1999; Wang et al., 2006; Birkhofer et al., 2008). In our study, above all the abundance of 
dauer larvae correlated better with Corg levels and bacterial PLFAs (Gram-positive only). This 
is perhaps not surprising in the context of this survey, as dauer larvae are a legacy of 
previous nutrient enrichment, and most fields had not recently been fertilised. Van 
Diepeningen et al. (2006) found dauer larvae were the only microbivorous nematode group 
to be present in greater amounts in organic systems; Leroy et al. (2009) found more dauer 
larvae in plots amended with farmyard manure or cattle slurry compared to those amended 
with compost materials. Dauer larvae, compared to active nematodes, are a clear indication 
of general nutrient availability in the soil food web, however many extraction methods 
based on the mobility of free-living nematodes (see Chapter 2) segregate against these 
(Zelenev et al., 2004). It is regrettable that many studies do not report the abundance of 
dauer larvae separately from their active counterparts for comparison purposes. Only the 
Cephalobidae were correlated with any indicator of bacterial food sources in this study 
(Cmic). Yeates et al. (1997) also noticed Cephalobidae were the only taxa of microbivorous 
nematodes correlated with bacterial PLFA and Cmic. This is possibly explained by the fact that 
enrichment opportunists such as Rhabditidae increase greatly in numbers following organic 
enrichment, while Cephalobidae are more closely linked to a steady state availability of 
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standing microbial biomass in soil. Associations of less common bacterivores with either 
organic and conventional fields from other studies did not always agree with our results. For 
example, both Yeates et al. (1997) and Neher (1999) found that persister (c-p 4) Alaimus 
was more abundant in conventionally managed soils, while it was only detected in organic 
fields in this study. 
A greater abundance and proportion of fungivores, particularly Filenchus, was found in 
organic fields. Yeates et al. (1997) found almost twice as many fungivores (excluding all 
Tylenchidae) in organic grasslands, irrespective of soil type. Birkhofer et al. (2008), 
surprisingly, found 45% more fungivorous nematodes in conventional rotations than in 
organic ones and suggested these may be using root hairs as alternative feeding sources. 
However the total abundance of fungivores (less than 1 individual g-1 dry soil on average) 
was rather low compared to those found in this study. In between these two extremes, Van 
Eekeren et al. (2009) found no significant effect of the type or amount of fertilisation on the 
abundance of fungivorous nematodes. Neher (1999) found Filenchus to be more abundant 
in organic systems and particularly associated with permanent grasslands, but as is the case 
in many studies, it was considered as root-feeder. Given the often high abundance of 
Filenchus, and Tylenchidae in general, in many soils (Wang et al., 2004; 2006; Christensen et 
al., 2007), the unresolved issue of their exact feeding habits is problematic for studies 
linking the dynamics of fungal communities to their nematode grazers. The fact that many 
recent large-scale studies aggregate all nematode taxa into trophic groups without giving 
data of specific families and/or genera (Birkhofer et al., 2008; Van Eekeren et al., 2009; 
Postma-Blaauw et al., 2010) only adds to the problem, as any potential future meta-
analyses cannot correct or review the data provided without considerable effort. Despite 
experimental proof of the fungivorous habit of Filenchus (Okada and Kadota, 2003), in many 
studies it is still considered a root-feeder (e.g. Neher, 1999; Ferris et al., 2004, Zelenev et al., 
2004; Blanc et al., 2006; Leroy et al., 2007), or at best as a ‘facultative root-feeder’ (Okada 
and Harada, 2007) or as ‘plant associated’ (Yeates et al., 1997, Yeates, 2003). Whether they 
are plant-root ectoparasites, pure fungivores, or maybe feed on the arbuscular mycorrhizal 
fungi closely connected to leek roots, they are intimately associated with the rhizosphere 
and due to their sheer abundance probably play an important role in diverting nutrients 
from either root hairs or fungal hyphae associated with them into the soil food web. Future 
research should definitely investigate the feeding habits of Filenchus, and other Tylenchidae 
Chapter 3 
94 
 
in general, in more detail – preferably in field conditions. As long as such uncertainties 
remain, the best strategy is for researchers to provide full data sets of all important taxa in 
as much detail as possible. The higher abundance of fungivorous nematodes in this study 
was not in any way correlated with measures of fungal biomass as given by PLFA analysis. 
Yeates et al. (1997) observed a similar discrepancy, despite the highly significant differences 
in fungal PLFA and fungivorous nematodes between management regimes. Given their 
often low abundance compared to bacterivores, it is possible that fungivorous nematodes 
exert no control over the biomass of fungi in soil, and that fungal dynamics are more 
strongly controlled by resource availability and environmental conditions determining their 
growth (bottom-up control instead of top-down control). In addition numerous other 
groups of soil fauna such as Collembola feed on fungi and may play a more important role in 
regulating fungal biomass (Beare et al., 1992; Bardgett et al., 1998). Alternatively, a time-lag 
effect due to early spring sampling may explain a lack of correlation between microbivorous 
nematodes and their food sources. 
A residual effect of compost addition in organic fields was suggested by a generally 
greater CI, indicating a more fungal-mediated decomposition pathway. The greater CI, 
although not significant, indicates a larger proportion of fungivorous nematodes and a more 
fungal-mediated than bacterial-mediated decomposition channel. At the time of sampling, 
organic enrichment was mostly no longer detectable with the EI, however with the CI a 
more persistent effect could be observed, probably associated with more recalcitrant 
organic matter or later stages of decomposition from compost added to the organic fields 
and some of the conventional ones (which also had a high CI). Several studies have found 
the CI to be a sensitive indicator to organic management, however often it was lower in 
organic systems (Mulder et al., 2003; Wang et al., 2006). The CI increased following the 
application of compost in the study by Leroy et al. (2009), while Ferris et al. (2004) found 
the CI was negatively correlated with mineral nitrogen concentrations in soil. Recent 
research has shown that Tylenchidea (including Filenchus) form an important part of 
nematode communities in composts rich in woody materials (Steel et al., 2012). 
As in most agricultural fields, omnivorous and carnivorous nematodes only constituted 
a small proportion of the nematode community and did not yield any relevant 
management-related information in this study. However their abundance was correlated 
with that of bacterivores and dauer larvae, perhaps suggesting a trophic link to their 
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preferred food prey, or to conditions of high microbial activity in general. In other studies 
significant management effects were found for omnivorous and/or carnivorous nematodes: 
van Diepeningen et al. (2006) found Clarkus papillatus (Mononchidae) only in organic soils, 
Birkhofer et al. (2008) found significantly more omnivorous nematodes in soils having 
received organic amendments. Yeates et al. (1997) and Van Eekeren et al. (2009) on the 
other hand found no significant differences in the abundances and proportions of 
omnivorous nematodes between different organic and mineral fertilisation regimes. 
None of the maturity indices differed significantly, mainly due to high variability. Other 
studies have found either no differences between organic and conventional management 
(Neher, 1999; van Diepeningen et al., 2006), or a lower MI due to organic enrichment 
(Neher and Olsen, 1999; Wang et al., 2006). Despite no difference in the MI in this study, 
the SI of conventional fields tended to be greater, which was also noted for case studies 
cited by Ferris and Bongers (2006). Compared to other ecosystems though, a highly enriched 
and poorly structured nematode community is a defining attribute of most agricultural 
systems, irrespective of management (Ferris et al., 2004). In the context of this study, the 
commonly used nematode indices did not provide that much more insight than did a 
consideration of the abundance and proportion of the major nematode taxa combined with 
their known feeding habits and life history traits. Similarly, Mulder et al. (2003) found 
numerous genus-specific responses of nematodes to abiotic conditions, while Van Eekeren 
et al. (2009) found a multivariate analysis of all nematode data showed no significant effect 
of fertilisation. Nonetheless, the inverse relationship between the EI and the CI signifies that 
the nematode communities in the leek fields sampled in this survey were either dominated 
by enrichment opportunist bacterivores or by the fungivore Filenchus (and to a lesser extent 
Aphelenchus). So although the total amount of organic matter present predominantly 
determined the size of the microbial community and their nematode grazers, the type of 
organic matter – compost versus manure-based amendments – determined which 
decomposition channel (bacterial or fungal) was most stimulated. Composts however differ 
greatly in their properties, so the large amounts of compost used in RCV (conventional) for 
example, were apparently sufficiently enriched with nutrients to also stimulate bacterial 
activity and their grazers. Similarly, the use of farmyard manure in DH (organic) and the 
incorporation of a grass-clover ley before leek planting in JH (organic), combined with 
routine application of compost, clearly stimulated both fungal and bacterial activity. 
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3.4.4 Differences between fields 
The interaction of differences in soil type and differences in management (chiefly 
whether organic matter and/or lime was added or not) meant that fields could not be 
discriminated from each other in any straightforward manner. Principal component analysis 
of all but the nematode composition data clearly revealed these differences and grouped 
the sampled fields into distinct clusters. While most organic fields resembled each either in 
terms of most variables considered and tended to differ from all conventional fields, the 
conventional fields could be segregated according to whether organic matter had been 
added or not. More specifically however, of all fields, organically-amended conventional 
fields had the lowest bulk densities (except RCG), highest pH (except KDG which had 
received no lime and hence had the lowest pH) and highest NH4
+ concentrations at 
sampling. Two of these, RCV and KDK, stood out even further in having the highest Corg 
contents, total PLFA concentrations and concentrations of almost all microbial biomarkers. 
The Cmic, nematode abundance and absolute and relative amounts of bacterivorous 
nematodes in these two fields were similar to that in most organic fields. The conventional 
field KDG which had received mineral fertiliser and dairy slurry but no lime had the lowest 
pH and comparatively lower concentration of Corg, total PLFA (and all microbial markers), a 
lower nematode abundance and apparently a greater Cmic at sampling. The conventional 
field RCG had a slightly higher clay content, second highest bulk density, highest pH, modest 
Corg content, Cmic and total PLFA concentrations, and low concentrations of bacterial and 
actinomycete biomarkers; however resembled most organic fields in terms of the absolute 
and relative abundance of fungivorous nematodes. In contrast to the organically-amended 
fields, the conventional fields with mineral fertiliser only (JC, GD and WD) – despite having 
the highest clay contents – had the highest bulk densities, lowest Corg and NH4
+ contents, 
total PLFA concentrations and those of all biomarkers, and lowest nematode abundance and 
abundance and proportion of fungivorous nematodes. 
All five organic fields except EV and LL had recently received compost in addition to 
either an incorporated grass-clover ley (MB and JH) or farmyard manure (DH) and had 
similar ranges for pH, Corg, NO3
- and NH4
+ concentrations, total PLFA and biomarker 
concentrations and especially, generally had a high abundance and proportion of 
fungivorous nematodes. For all these variables the organic fields were generally distinct 
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from the three unamended conventional soils. The two organic fields that had received 
compost only (EV and LL) had the lowest pH (except for RCG) and lowest PLFA B:F ratio and 
nematode abundance among organic fields, particularly in terms of bacterivorous 
nematodes. This is probably indicative of a shortage of easily available N from the compost, 
which in addition to the low pH (due to low clay contents), was able to sustain a less active 
bacterial community and hence a lower abundance of bacterivorous nematodes. 
 
 
3.5 Conclusions 
 
This survey based on a single sampling event was able to distinguish organic leek fields 
from conventional counterparts on the basis of higher Corg levels in soil and associated 
changes in soil characteristics. Both microbial and nematode communities differed between 
organic and conventional management, but the amount of organic matter added explained 
most quantitative differences. However, the relative and absolute amount of fungivorous 
nematodes was significantly higher in organic fields, suggesting the type of organic 
amendments used and other management effects are also of importance in determining 
attributes of the soil food web. Multivariate analysis of soil characteristics and PLFA data 
had a high discriminating power for explaining management field-specific differences. 
Nematode trophic groups and ecological indices did not agree well with PLFA data, 
particularly with respect to fungi and their grazers. 
The delineation of leek fields according to either organic or conventional management 
was not the most suitable criteria in this survey, as several of the conventional farms made 
ample use of organic amendments. This was strongly reflected in soil physical and chemical 
properties, as well as in the PLFA and nematode community profiles. Thus regular and/or 
varied organic enrichment is a more important practice leading to greater soil biological 
quality than the mere exclusion of mineral fertilisers and pesticides. Although organic 
agriculture is officially and publically mainly defined according to these criteria, practitioners 
are fully aware that the sustainability of their production revolves around the maintenance 
of sufficient organic matter levels in soil (Watson et al., 2002; De Wit and Verhoog, 2007). 
 
  
 
Chapter 4: 
Selective manipulation of soil biota 
using gamma irradiation 
 
 
 
Prototype of zonal centrifuge, at ILVO (Merelbeke, Belgium). 
 
 
 
 
This chapter has been partly compiled from: 
 
Buchan, D., Moeskops, B., Ameloot, N., De Neve, S., Sleutel, S. 2012. Selective sterilisation of 
undisturbed soil cores by gamma irradiation: effects on free-living nematodes, microbial 
community and nitrogen dynamics. Soil Biology & Biochemistry 47: 10-13. 
 
Chapter 4 
100 
 
Abstract 
The techniques available for soil sterilisation or defaunation in ecological experiments 
mostly have unwanted effects on the dynamics of major nutrients such as nitrogen. In a first 
experiment, the potential for using gamma irradiation to prepare defaunated soil 
microcosms was investigated by subjecting undisturbed soil cores to a range of irradiation 
doses (0, 5, 10, 20 and 40 kGy). The absence of living nematodes following a 5 kGy dose was 
confirmed by microscopic observation. The effects of irradiation dose on mineral nitrogen 
(NO3
- and NH4
+), Cmic, and PLFA concentrations were determined over a 4 week incubation 
period. An increase in NO3
- concentration occurred during the incubation period after 
exposure to 0, 5 and 10 kGy, but was barely detectable at 20 and 40 kGy. The effect of 
irradiation dose on NH4
+ release was complex and highly variable, a 10 kGy dose resulting in 
the highest concentrations. Cmic was significantly reduced with a 20 kGy irradiation dose and 
below detection at 40 kGy. Most remarkably, the sum of all measured PLFAs did not differ 
significantly between most treatments and was not correlated with Cmic. In most cases the 
concentration of marker PLFAs only differed significantly between the control and the 40 
kGy dose. To ascertain the sensitivity of microbial taxa to acute gamma irradiation with 
accuracy, measures of microbial community structure other than PLFA analysis are needed. 
In a second experiment, we investigated whether an irradiation dose inferior to 5 kGy 
could be used to eliminate nematodes from soil. We incubated cores filled with either 
control or soil subjected to a 1, 2, 3, or 5 kGy gamma irradiation dose and measured mineral 
nitrogen, Cmic and nematode abundance over a period of 114 days. Extracted nematodes 
were filtered to segregate viable nematodes from ones killed by irradiation. Total mineral 
nitrogen did not differ between irradiation doses but was greater than in control soil, while 
NH4
+ release was a function of irradiation dose. Cmic was reduced by gamma irradiation and 
incubation conditions, but did not differ between the different doses applied. Nematode 
abundance decreased sharply with increasing irradiation dose, and continued to decrease 
throughout the incubation period. Filtration efficiency remained above 75% in control cores 
but was reduced to ca. 5% in the 5 kGy treatment, other treatments being intermediate. 
Our results indicate that only a 5 kGy irradiation dose is sufficient to effectively remove 
nematodes, and highlight the need to include an active extraction step when quantifying 
nematode populations in defaunated soil.  
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4.1 The effects of gamma irradiation on nutrient dynamics and the 
soil microbial community 
 
4.1.1 Introduction 
Experiments in soil ecology rely on manipulating the abundance, distribution or 
diversity of one or several groups of soil biota. Ecological theories are often tested on 
sterilised soil re-inoculated with filtered microbial slurries assumed to be representative of 
the original microbial community (e.g. Jones et al., 1998). Few sterilisation techniques are 
sufficiently selective not to affect non-targeted biota or the physical and chemical condition 
of soil. Chemicals such as methyl bromide, formaldehyde and mercuric chloride are efficient 
inhibitors of microbial activity (Tuominen et al., 1994); however they contaminate soil with 
toxic residues, making re-inoculation problematic. Autoclaving is a widespread sterilisation 
technique but has the disadvantage of causing high nutrient release and loss of soil 
structure (Trevors, 1996). Defaunation methods such as freezing also modify the physical 
structure and pore network of soil. Given the important feedbacks between soil biota and 
the physical heterogeneity of the soil habitat, the development of representative soil 
microcosms has been proposed as a key experimental innovation required for further 
understanding the activity of soil biota (Crawley et al., 2005). 
Gamma irradiation allows the selective elimination of soil organisms by varying the 
dose applied, either directly by cell lysis or indirectly through the formation of mutagenic 
free radicals (McNamara et al., 2003). Because it leaves soil structure intact and devoid of 
any residual toxicity, it is an attractive technique for ecological experiments with 
undisturbed soil. Gamma irradiation also increases nutrient availability – in particular 
nitrogen – although the effects thereof vary considerably as a function of the applied dose 
(Lensi et al., 1991). An irradiation dose of 25 kGy is considered to sterilize soil, which has 
traditionally been verified by the absence of culturable bacteria. However, microscopic 
observation has revealed the persistence of dead cells (Ramsey and Bawden, 1983) and 
culture-independent methods for assessing the microbial community in chemically 
perturbed soil are now recognized to be superior to plate-culture methods (Kozdrój and van 
Elsas, 2001; Ritz, 2007).  
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Among soil fauna, free-living nematodes occupy a central role in the soil food web and 
contribute substantially to nutrient cycling (Verhoef and Brussaard, 1990). Although we 
found no studies on the response of entire nematode populations to gamma irradiation, 
studies on individual species indicate a survival threshold between 4 and 6 kGy (Chinnasri et 
al., 1997; McNamara et al., 2003; Thompson, 1990). 
We investigated the effect of gamma irradiation on mineral nitrogen, nematode 
abundance, and soil microbial biomass and community structure. Soil cores were subjected 
to a range of biologically relevant irradiation doses based on McNamara et al. (2003) with 
the following expected outcomes: 5 kGy (no nematodes), 10 kGy (no fungi);  20 kGy (only 
bacteria) and 40 kGy (no microbial biomass at all). 
 
4.1.2 Materials and Methods 
 
4.1.2.1 Sampling and gamma irradiation 
Soil was collected from an agricultural trial field under organic management (ILVO, 
Merelbeke, Belgium) in mid-March 2008 during a fallow period, following a potato crop the 
previous summer fertilised with 30 t ha-1 farmyard manure and harvested by mid-
September 2007. Yellow mustard was sown shortly after the potato harvest as a green 
manure, however at the time of sampling was poorly established, meaning all cores could 
be collected from bare soil between plants. The soil was tentatively classified as a Cambisol, 
and had a sandy loam texture (55% sand, 38% silt, 7% clay), a bulk density of 1,440 Mg m-3, 
and an organic carbon content of 0.84 %. For sampling a 10 x 10 m area was delineated, in 
which 72 PVC cores with a diameter of 5 cm and a height of 5 cm deep were vertically 
inserted into the top of the soil surface at random locations. Separate cores were collected 
for the determination of texture, bulk density and field moisture content. The undisturbed 
cores thus collected were immediately enclosed with PVC caps on both ends to prevent 
moisture loss and returned to the laboratory. 
Cores were then randomly assigned to one of the five following treatments: control 
(termed 0 kGy) or a dose of 5, 10, 20 or 40 kGy of gamma irradiation. The reasons for 
selecting these doses were the following: most soil fauna (including nematodes) are 
eliminated with a 5 kGy dose; fungi should be absent by 10 kGy; 20 kGy is a dose slightly 
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inferior to that commonly used for general ‘sterilisation’ (25 kGy); finally at a dose of 40 kGy 
we would no longer expect any surviving bacteria (McNamara et al., 2003) and therefore no 
measurable microbial biomass. 
For each of the five treatments 9 cores were selected, except for the control for which 
3 additional cores were used to establish initial conditions before the start of the 
incubation. The remaining cores were reserved entirely for nematode extraction for the 0 
and 5 kGy treatments only. Controls were kept  at ambient temperature for 2 days while the 
other cores were dispatched to a gamma irradiation facility (Sterigenics, Fleurus, Belgium) 
using a 60Co gamma-ray source with an irradiation rate of 11.1 kGy hr-1. Irradiation was 
applied in a controlled laboratory device (‘GammaCell’) with a maximal capacity of 3 litres, 
in which the accuracy of the irradiation dose was confirmed by the presence of in situ 
dosimeters. The day after irradiation 3 cores from each irradiation dose were randomly 
selected and destructively sampled for the determination of all initial parameters. The 
remainder of the soil cores had the upper cap removed and were covered with perforated 
Parafilm and incubated at 18˚C. For all treatments, cores were destructively sampled in 
triplicate after 2 and 4 weeks of incubation. 
 
4.1.2.2 Soil biological and (bio)chemical parameters 
At each sampling event 3 randomly selected cores per treatment were removed, 
gently homogenised and sampled for the determination of chemical and biochemical 
parameters. At the first 2 sampling events (0 and 2 weeks following irradiation), 3 additional 
entire cores from the 0 and 5 kGy treatments were destructively sampled for the 
determination of nematode abundance. Gravimetric moisture content was determined for 
all samples and all other parameters are expressed per gram of dry soil. Mineral N (as NO3
- 
and NH4
+) was determined from 30.0 g fresh soil extracted with 60 ml 1 M KCl and measured 
colorimetrically by a continuous flow auto-analyzer (Chem-lab 4, Skalar Anaytical, Breda, the 
Netherlands). Microbial biomass carbon (Cmic) was determined using the fumigation-
extraction technique (Vance et al., 1987; Joergensen, 1996). Fumigated soil and non-
fumigated controls (30.0 g fresh soil) were extracted with 60 ml 0.5 M K2SO4 and stored at 
−18 ˚C until analysis. Organic carbon contents of the extracts were determined with a TOC 
analyser (TOC-VCPN, Shimadzu Corporation, Kyoto, Japan). For conversion from organic C in 
Chapter 4 
104 
 
extracts to Cmic in soil a kEC value of 0.45 was assumed (Joergensen, 1996). The total organic 
carbon extracted in the non-fumigated duplicates of each sample was also considered as a 
separate variable for the purpose of this experiment, and is henceforth abbreviated as 
CK2SO4. Free-living nematodes were determined for the control and 5 kGy treatments only, as 
the absence of any living nematodes at 5 kGy or higher was both observed here and 
suggested by previous studies (McNamara et al., 2003). For the initial conditions following 
the irradiation event, entire cores were sampled in triplicate (containing on average 166.7 ± 
6.5 g fresh soil); after 2 weeks of incubation nematodes were extracted from a single 200.0 
g fresh soil composite subsample obtained by mixing 3 entire cores together. The zonal 
centrifuge extraction method as described by Hendrickx (1995) was used, which uses 
centrifugation to separate free-living nematodes from mineral and most organic soil 
constituents based on their specific density. Nematode extracts were concentrated in 10 ml 
distilled water and counted under a binocular microscope. 
Phospholipid fatty acids (PLFAs) were extracted and analysed using the same methods 
as specified in Chapter 3. However in this experiment FAMEs were detected and measured 
in total ion count (TIC) mode, and the FAMEs cy19:0 and 18:2ω6 co-eluted from the GC 
column. Therefore cy17:0 was used a single indicator for Gram-negative bacteria, and 
18:1ω9c was used an alternative for saprotrophic fungi (Joergensen and Wichern, 2008). 
 
4.1.2.3 Statistical analyses 
All variables except nematode abundance were subjected to two-way ANOVA, with 
irradiation dose (5 levels) and incubation time (3 levels) as factors; posthoc multiple pair-
wise comparisons were carried out using Tukey’s HSD method. Mineral nitrogen, Cmic and 
CK2SO4 data were log(X+1) transformed prior to analysis to meet assumptions of normality 
and homoscedasticity. The nematode abundances in the 0 and 5 kGy treatments were 
compared using a simple t-test. For the PLFA data, the same two-way ANOVA test was 
carried out on the untransformed total PLFA concentration and on each biomarker group 
individually. In addition the sums of the saturated, mono-unsaturated, and poly-unsaturated 
fatty acids were considered separately as a means to assess the potential effect of lipid 
peroxidation on different classes of PLFAs (cf. Halliwell and Chirico, 1993). All statistical 
analyses were carried out using Spotfire S+ (TIBCO Software Inc., Palo Alto, USA). 
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4.1.3 Results 
The pHKCl averaged 5.56 ± 0.11 (standard deviation, n=15) and was unaffected by both 
irradiation and incubation conditions. Gravimetric moisture content remained constant 
following irradiation and was unaffected by dose, averaging 0.197 ± 0.011 g g-1 (standard 
deviation, n=61) for all treatments during the incubation period. 
 
4.1.3.1 Nematodes 
Nematode abundance did not differ significantly between the 0 and 5 kGy treatments 
directly following irradiation (8.8 ± 2.5 ind. g-1 in the control treatment versus 10.4 ± 3.1 ind. 
g-1 in the 5 kGy treatment). However after 2 weeks of incubation the composite sample 
from  the 5 kGy treatment only had half as many nematodes as the one from the control 
treatment (4.3 nematodes g-1 and  9.4 nematodes g-1 respectively). During counting it was 
observed that none of the nematodes counted in the 5 kGy treatments were in motion, 
whereas in the control more than 90 % of nematodes were clearly active and mobile. All 
extracted nematodes were fixed for further investigation. Microscopic observation of mass 
slides revealed that in the 5 kGy treatment the majority (>90%) of the nematodes were 
highly degraded and devoid of any visible body contents.  
 
4.1.3.2 Mineral nitrogen 
Gamma irradiation had a strong effect on NO3
- and NH4
+ (p<0.001 for both variables), 
however the duration of incubation only had an overall significant effect on NO3
- (p<0.001), 
mainly due to a general increase in the first 2 weeks of incubation (Fig. 4.1).  A limited 
increase in the concentration of NO3
- occurred similarly in the 0, 5 and 10 kGy treatments, 
but was significantly lower in the 20 kGy treatment and below the detection limit in the 40 
kGy treatment (Fig. 4.1). The concentration of NH4
+ showed a linear increase from ca. 1 μg N 
g-1 in 0 kGy to a maximum of 20 - 30 μg N g-1 in 10 kGy, and decreasing with higher 
irradiation doses to 8-12 μg N g-1 in 40 kGy (Fig. 4.1). Ammonium concentrations were 
significantly lower in the control than in all irradiated treatments throughout the incubation 
period (Fig. 4.1). Concentrations of NH4
+ in the 5 and 40 kGy treatments were comparable, 
and did not vary significantly with incubation time. In contrast, NH4
+ concentrations in the 
10 and 20 kGy treatments reached particularly high levels. 
Chapter 4 
106 
 
 
 
Figure 4.1. Effect of irradiation dose and incubation time on concentration of NO3--N (dotted lines) 
and NH4
+-N (full lines). 
 
 
4.1.3.3 Microbial biomass C and K2SO4-extractable organic C 
The fumigation procedure at 2 weeks after irradiation failed due to an incomplete 
vacuum; hence only the data for 0 and 4 weeks are presented here (Fig. 4.2). Microbial 
biomass did not differ significantly between 0, 5 and 10 kGy but decreased by a factor of 6-7 
in 20 kGy and was undetectable in 40 kGy (Fig. 4.2, p<0.001). Although not significant 
(overall p = 0.230), Cmic was 30% lower after 4 weeks of incubation in 0 and 5 kGy  and more 
than 50% lower in the 10 kGy treatment. The CK2SO4 derived from non-fumigated duplicates 
rose steeply as a function of irradiation dose (Fig. 4.2, p<0.001). Incubation time also had a 
significant effect on CK2SO4 (p<0.001) which differed between treatments: concentrations 
decreased in 0 and 5 kGy; were variable in 10 and 20 kGy, and continued to increase in 40 
kGy.   
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Figure 4.2. Effect of irradiation dose and incubation time on Cmic (dotted lines) and CK2SO4 (full 
lines). 
 
4.1.3.4 Phospholipid fatty acid profiles 
While irradiation dose significantly affected concentrations of total PLFA (p=0.001) 
and most biomarkers (Table 4.1), incubation time had no effect. Persistence was such that 
for total PLFA and most groups considered only 40 kGy differed significantly from 0 and 10 
kGy (Table 4.1). For all biomarkers considered except 18:1ω9 for fungi, there were 
significant interactions between irradiation dose and incubation time. However for all the 
microbial groups considered, the concentrations of biomarkers were higher in the 0 and 10 
kGy treatments than in the 40 kGy treatment. For the sum of the Gram-positive bacteria 
markers, concentrations in the 5 kGy treatment also exceeded that of the 40 kGy dose, 
while those in the 10 kGy were significantly higher than in the 5 kGy treatment. For the 
single Gram-negative biomarker used (cy17:0) the concentration in the control was 
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significantly higher than in all other treatments. The biomarker for AMF was also found in 
significantly higher concentrations in the control than in the 5, 20 and 40 kGy treatments. 
The sum of all poly-unsaturated fatty acids did not differ significantly between 
irradiation doses or the duration of incubation (two-way ANOVA, data not shown), 
suggesting abiotic lipid peroxidation was not an additional confounding factor interfering 
with the PLFA profile information.  
  
Table 4.1. Effect of irradiation dose on total PLFA and main biomarker concentrations. Different 
letters after group means indicate significant differences (p<0.05) using Tukey’s HSD test (effect of 
incubation time was never significant). 
Irradiation 
dose 
(kGy) 
Mean biomarker concentration (nmol g-1 dry soil) ± standard error* 
Total PLFA Gram + Gram - Fungi Actinomyc. AMF 
0 25.90 ± 1.66 a 6.67 ± 0.31 ab 0.90 ± 0.05 a 1.55 ± 0.17 a 1.82 ± 0.08 a 1.06 ± 0.12 a 
5 23.02 ± 1.22 ab 5.77 ± 0.28 b 0.68 ± 0.06 bc 1.38 ± 0.07 ab 1.58 ± 0.14 ab 0.77 ± 0.07 ab 
10 25.79 ± 2.50 a 6.89 ± 0.63 ac 0.74 ± 0.04 b 1.55 ± 0.27 a 1.71 ± 0.09 a 0.92 ± 0.11 a 
20 22.75 ± 2.14 ab 5.60 ± 0.37 bd 0.67 ± 0.04 bc 1.44 ± 0.20 ab 1.49 ± 0.07 ab 0.71 ± 0.08 ab 
40 18.83 ± 1.10 b 4.69 ± 0.37 d 0.61 ± 0.05 c 1.09 ± 0.09 b 1.38 ± 0.12 b 0.57 ± 0.06 b 
*PLFAs used as biomarkers: Gram-positive (i15:0, a15:0, i16:0, a16:0, i17:0, a17:0), Gram-negative (cy17:0), Fungi 
(18:1ω9c), Actinomycetes (10Me16:0, 10Me18:0), AMF (16:1ω5c). 
 
 
 
4.1.4 Discussion 
 
4.1.4.1 Nematodes 
The extraction method used for nematodes is based on their specific density, hence 
recently killed nematodes were also extracted and counted in the 5 kGy treatment, as was 
confirmed by microscopic observations following fixation. Our observation is in agreement 
with the few previous observations on the response of individual species of nematodes to 
gamma irradiation that 5 kGy is sufficient to kill nematodes (Chinasri et al., 1997; Thompson, 
1990). However the extraction technique employed did not separate living from dead 
nematodes, and counting without further investigation would have led to an erroneous 
conclusion concerning the efficiency of a 5 kGy irradiation dose in killing nematodes. A 
similar observation was made by Coûteaux (1992) concerning the decomposition of testate 
amoebae subjected to gamma irradiation. The author suggested that the mineralization of 
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dead cells was delayed because gamma-irradiation liberated a more easily available labile 
source of C than the testate amoebae shells. Given that the remains of soil organisms may 
take longer to be decomposed in a biologically suppressed soil, the extraction technique and 
counting method for fauna should be chosen accordingly.  
 
4.1.4.2 Mineral nitrogen 
The sharp decrease in NO3
- concentrations beyond the 10 kGy irradiation dose and the 
concomitant increase in NH4
+ have been documented previously and have been attributed 
to the depression of nitrifying bacteria by irradiation rates higher than 10 kGy (Lensi et al., 
1991). An increase in extractable NH4
+ and the suppression of nitrification has also been 
reported by De Neve et al. (2004) following the application of fumigants to agricultural soil, 
following which the nitrifying community started to recover after about 30 days for a range 
of different soils and had fully functionally recovered after 120 days. The apparent decrease 
in NH4
+ by the end of the incubation period in the 5 kGy treatment, as well as the more 
moderate decrease in Cmic compared to the 10 kGy treatment, may be an indication that the 
nitrifying community is able to recover from a 5 kGy irradiation dose relatively rapidly. The 
considerably higher release of NH4
+ in the 10 kGy treatment may be explained by a rapid 
microbial turnover following the death of part of the soil biota and the subsequent release 
of easily accessible organic matter resulting in increased levels of NH4
+, as was also 
suggested for fumigation by De Neve et al. (2004). This hypothesis is supported by the 
slightly higher Cmic at 0 weeks and overall higher concentration of bacterial PLFA biomarkers 
for the 10 kGy treatment (see below). 
The large amounts of NH4
+ measured at 20 and 40 kGy throughout the incubation 
period indicate that irradiation is also responsible for an abiotic mineralisation mechanism 
releasing NH4
+, given the microbial biomass at these doses was either very low or nil. 
However the importance of abiotic mineralisation appears to be more short-lived: during 
the entire incubation period there was no significant increase in NH4
+ levels in the 40 kGy, 
while in the 20 kGy treatment the increase in NH4
+ occurred mainly in the first 2 weeks. 
Whatever mechanisms may underlie the release of NH4
+ following irradiation, the levels 
encountered in the 5 kGy treatment are moderate enough to justify the use of this 
irradiation dose for further studies on nitrogen dynamics with defaunated soil.  
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4.1.4.3 Microbial biomass C and soluble organic C 
 The strong decrease in Cmic beyond a 20 kGy irradiation dose confirms previously 
established thresholds concerning the sensitivity of bacteria in particular to gamma 
irradiation (McNamara et al., 2003). The use of undisturbed cores inevitably implies higher 
variability in data, especially for biological parameters which may vary strongly over short 
spatial gradients. Hence it is perhaps not surprising that few significant differences in Cmic 
were found. The Cmic in the 10 kGy treatment appears to be higher than in the 5 kGy 
treatment initially, although it sharply decreased afterwards. This may reflect a short-lived 
bacterial boost following the release of easily available substrates from the lysis of other 
organisms. 
Although the fumigation-extraction technique of microbial biomass measurement is 
not a measure of microbial activity, CK2SO4 as determined in the non-fumigated duplicates 
during the procedure can be considered a labile substrate for soil microbial activity (Haynes, 
2005). The decrease in CK2SO4 in the 0 and 5 kGy treatments towards the end of the 
incubation period suggests this pool of organic matter is being used by a functional 
microbial community. In the 10 and 20 kGy treatments this decrease did not seem to be as 
pronounced, possibly because the microbial community was depressed. In contrast, in the 
40 kGy treatment the concentration of CK2SO4 increased throughout the incubation period, 
due to there being no microbial community left to consume it. Marschner and Bredow 
(2002) found a strong decrease in dissolved organic carbon (DOC) in gamma-irradiated soil 
(25 kGy) that had been reinoculated and incubated for a period of 12 days, whereas DOC 
concentrations in non-reinoculated soil remained similar. Variations in labile pools of 
organic matter are indicative of overall microbial activity in gamma-irradiated soil, and 
correlated well with Cmic in our study.  
 
4.1.4.4 Phospholipid fatty acids 
The total of all measured PLFAs, which is often considered as a measure of the size of 
the microbial biomass, was not correlated with Cmic (data not shown), as opposed to most 
previous studies employing both these techniques (Zelles, 1999). Although cellular 
membrane phospholipids are considered to degrade rapidly when an organism dies, 
numerous PLFAs of microbial origin unexpectedly persisted at doses of 20 and 40 kGy when 
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the Cmic was greatly reduced or eliminated. This may be due to a depressed microbial 
community with an impaired ability to degrade phospholipids and other organic 
compounds, or whose reduced activity was not detectable over a 4-week incubation period. 
An impaired microbial community is also suggested by the concomitant increase in CK2SO4 for 
these irradiation doses.  Although we were not able to find any other studies reporting the 
effect on gamma irradiation on PLFA profiles, our results are in stark contrast with those of 
Zelles et al. (1997) who found a 50% reduction in the total amounts of PLFAs up to 10 days 
after fumigating soil with chloroform. In their experiment Cmic was reduced to about 20% of 
the initial levels, and PLFAs were expected to have been degraded to an even greater 
extent. They postulated that the PLFAs they measured not only represented living biomass. 
It is possible therefore that the decomposition of PLFAs in the 40 kGy – and to a lesser 
extent also the 20 kGy – treatment was strongly inhibited in this experiment. Persistence of 
PLFAs was also observed in gamma-irradiated peat by Ranneklev and Bååth (2003), and 
further brings into question the applicability of PLFA analysis for quantifying changes in the 
soil microbial community structure following severe disturbance where its biomass is 
strongly reduced (Frostegård et al., 2011). 
The higher concentration of Gram-positive biomarkers in 10 kGy indicates that this 
taxonomic grouping contains opportunistic bacteria able to make use of organic matter 
made available by gamma irradiation. McNamara et al. (2007), based on DGGE community 
profiling, also found evidence of outgrowth of certain microbial taxa at irradiation doses of 5 
and 10 kGy. 
Even though interpretation of the changes in the concentration of all biomarkers 
except that of fungi was confounded by interaction effects between the 2 factors 
considered, the 40 kGy treatment stands out as being the only one in which biomarker PLFA 
concentrations were significantly reduced. However the fact that PLFAs persisted in soil 
sterilised by gamma irradiation furthermore complicates the interpretation of the PLFA 
profiles in terms of their information content on the presence and relative abundance of 
various microbial taxa. The vast majority of soil fungi are considered to be eliminated by a 
10 kGy dose (McNamara et al., 2003), however we observed only a slight decrease in the 
fungal biomarker 18:1ω9 (Table 4.1). Yet a detailed review by Joergensen and Wichern 
(2008) concluded that the contribution of fungi to soil microbial biomass is best assessed 
using PLFA profiling, when compared with other methods such as microscopic counts, 
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selective respiratory inhibition or the determination of ergosterol or specific cell wall 
components (e.g. glucosamine or muramic acid).  The concentration of the biomarker for 
mycorrhizal fungi 16:1ω5 appeared to be higher in the control treatment than in all others, 
although this was not significant (Table 4.1). It is tempting to conclude that mycorrhizal 
fungi are affected by even the lowest irradiation dose; however the concentration of 16:1ω5 
in the control treatment increased throughout the incubation period, hence the strong 
interaction effect. It is unlikely that mycorrhizal fungi proliferated during the incubation 
period in an environment devoid of plants, especially given that Cmic decreased during the 
same time. It cannot be ruled out that the observed increase in 16:1ω5 was due to an 
increase in the population of Gram-negative bacteria, which are also known to contain this 
PLFA (Zelles, 1999) and which were clearly more abundant in the control treatment (see 
above). These considerations imply that either saprophytic fungi survive higher doses of 
gamma irradiation than previously thought and are much less susceptible to gamma 
irradiation than their mycorrhizal counterparts, or that the use of either or both of these 
signature fatty acids following gamma irradiation is unreliable. Either way these results call 
for cautious interpretation in future studies using PLFA profiling following gamma 
irradiation. 
While lipid peroxidation was not measured directly due to the potentially high number 
of end-products (Shadyro et al., 2002) and a general lack of knowledge of the exact 
mechanisms involved in soil, Halliwell and Chirico (1993) propose that simply measuring the 
loss of unsaturated fatty acids is one way to determine the extent of lipid peroxidation. The 
sum of all poly-unsaturated FAMEs seemed unaffected by both irradiation dose and 
incubation time in this experiment, meaning lipid peroxidation is unlikely to have strongly 
influenced PLFA profiles in the context of this study. Research on the process of lipid 
peroxidation has to the best of our knowledge never been carried out on the diverse and 
abundant microbial community that is enclosed within a porous and moisture-rich soil 
matrix. Furthermore, given that lipid peroxides and their decomposition products tend to 
differ in structure from FAMEs (Shadyro et al., 2002), we are confident that peroxidation 
products were discarded from the FAME mixture we obtained by chromatographic 
separation. 
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4.1.5 Conclusions 
An irradiation dose of 5 kGy was sufficient to kill all nematodes, but even after 2 
weeks of incubation half as many dead nematodes as in controls were extracted. Only 
microscopic observation confirmed the extracted nematodes were dead. Combined with an 
appropriate extraction technique, a 5kGy dose could be used to selectively remove this 
important group of soil fauna in future ecological experiments. The release of mineral 
nitrogen tended to be proportional to the applied irradiation dose, however this 
relationship was not clear-cut: nitrification was inhibited beyond a 10 kGy dose, while the 
trend for NH4
+ was determined both by abiotic degradation mechanisms (proportional to 
irradiation dose) and the probable effect of opportunistic microbial taxa feeding on the 
contents of lysed cells (maximal concentrations were observed at 10 kGy). The fumigation-
extraction method of determining microbial biomass indicated that the microbial 
community was not significantly affected in a quantitative way by gamma irradiation at 
doses of 10 kGy or lower, and that a dose of 40 kGy was certainly sufficient to sterilise soil. 
The overall effect of a 5 kGy gamma irradiation dose on nitrogen dynamic can be considered 
acceptable and seems to be short-lived enough to justify the use of this technique in future 
experiments involving soil fauna and nitrogen cycling. 
Our findings suggest that the premise of using PLFAs as indicators of the living and 
active microbial biomass, or as specific indicators of certain bacterial or fungal taxa, needs 
to be further investigated when studying gamma-irradiated soil. The limited 4-week 
incubation period was probably not sufficiently long to evaluate changes in the amounts and 
proportions of PLFAs and the microbial taxa they are indicative of. Studies involving gamma-
irradiated or otherwise biologically degraded soils should employ a range of measures for 
assessing the abundance and diversity of soil biota. Studies involving biologically degraded 
soils should employ a range of measures for assessing the abundance and diversity of soil 
biota. Given that the remains of soil organisms may take longer to be decomposed in a 
biologically suppressed soil, extraction techniques and counting methods for soil fauna 
should also be chosen accordingly. 
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4.2 Effects of sub-lethal irradiation doses on nematode survival 
 
4.2.1 Introduction 
In the first experiment we investigated the effect of a range of irradiation doses on 
nitrogen dynamics and the size and composition of the microbial community. Based on 
collected values from the literature (McNamara et al., 2003), we selected a dose of 5 kGy to 
effectively remove all free-living nematodes from soil. Our results confirmed this dose was 
sufficient, but also showed that ammonium levels remained high (due to the irradiation-
induced mineralisation flush and the inhibition of nitrifiers) and hence that the microbial 
biomass was potentially negatively affected. The following experiment investigates whether 
a dose lower than 5 kGy can be used to eliminate nematodes, and how low dose irradiation 
affects nitrogen dynamics and microbial biomass. Given that the zonal centrifuge extraction 
method also recovers dead nematodes, we added a filtration step to separate these from 
viable nematodes, and compared the filtration efficiency between treatments. We chose to 
incubate irradiated and control soil for a relatively long period (4 months) in order to 
evaluate the duration of the effects of irradiation on the variables of interest. 
 
4.2.2 Materials and Methods 
Bulk soil from the same field as in the first experiment was collected, sieved and 
homogenised and gently packed in PVC cylinders with a volume of ca. 3 L to be able to fit 
into the research gamma irradiation unit used above (Sterigenics, Fleurus, Belgium). 
Compared to the industrial gamma irradiation unit, the ‘GammaCell’ has a strictly limited 
capacity (3 L) but allows a more precise dose to be administered to materials. PVC cores 
containing soil were either kept as a control (‘0 kGy’) or subjected to an irradiation dose of 
1, 2, 3 or 5 kGy. All cores were brought back to the laboratory and unpacked the day 
following irradiation without any detectable decrease in moisture content. Experimental 
units were prepared by filling PVC cores measuring 7.5 x 7.5 cm (height x diameter) with 
250.0 g fresh soil from all five treatments cores and gently compacted to the same bulk 
density as measured in the field at sampling (1,360 Mg m-3).  The initial moisture content of 
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0.143 ± 0.004 g g-1 was raised to 0.189 g g-1 with demineralised water so that the water-
filled pore space (WFPS) would approximate 55%. Twenty identical cores for each treatment 
were prepared, giving a total of 100 cores. Cores were covered with perforated parafilm and 
incubated at 18˚C for 117 days; cores were regularly checked for moisture loss and 
corrected if necessary. Four replicates from each treatment were destructively sampled at 0 
(following initial water addition), 47, 68, 98 and 117 days of the incubation. 
At sampling, each core was homogenised and analysed for Cmic (0 and 117 days), 
mineral nitrogen (all sampling dates) and nematode abundance (0, 47, 98 and 117 days) 
using the same methods as in the previous experiment. Nematodes were extracted from 
100.0 g fresh soil using the zonal centrifuge method as described previously. Extracts 
containing the nematodes were washed over a 10 μm sieve and brought over into distilled 
water for immediate counting (half of all replicates for days 0, 98 and 117 only). After 
counting, nematodes were further extracted using modified Whitehead-Hemming trays (Bell 
and Watson, 2001; see Chapter 2) by pouring the extracts over cotton wool filters placed 
between milk filters according to Van Bezooijen (1999). Nematodes were left to migrate into 
distilled water in contact with the bottom filter layer over a period of 24 hours. These 
replicates were counted again and from these two values the filtration efficiency was 
calculated using the following simple formula: 
 
Filter efficiency = 100 × nematode count after sieving / nematode count before sieving 
 
The filtration efficiency thus reflects the relative proportion of active, viable nematodes 
compared to the total amount of nematodes extracted using the zonal centrifuge. 
The variables Cmic, CK2SO4 (as determined in non-fumigated extracts for Cmic 
determination), NO3
-, NH4
+ and nematode abundance were analysed by two-way ANOVA for 
the factors dose and time (with the number of levels for time being variable) using the 
statistical software SPSS version 17.0 (SPSS Inc., Chicago, Illinois, USA). All values were log-
transformed to stabilise variances before statistical analysis. The filtration efficiency data 
was not subjected to statistical analysis due to there being only two replicates for each 
treatment and sampling time combination. 
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4.2.3 Results 
For all variables except Cmic and CK2SO4, the interaction of the factors irradiation dose 
and time was always highly significant. Hence the data was split according to incubation 
time and a one-way ANOVA (with irradiation dose as single factor) was carried out 
separately for the first (0 days) and last (114 days) incubation dates. The assumption of 
equality of variances was thereby met and the original untransformed data were used in 
statistical analyses (Table 4.3). 
 
Table 4.2. Means (± standard error) of all variables for the first and last sampling dates. Different 
letters indicate significant differences from the one-way ANOVA test, split by date. 
Factors 
Tot. min. N NO3--N N4+-N Cmic CK2SO4 Nematodes* 
μg N g-1 μg N g-1 μg N g-1 μg C g-1 μg C g-1 ind. g-1 
0 days       
0 kGy 13.33±0.64a 12.49±0.60a 0.84±0.09a 196.11±15.15 24.44±1.24a 21.83±0.31c 
1 kGy 19.17±1.37ab 18.55±1.34b 0.62±0.08a 176.09±6.48 31.79±0.85b 14.28±1.55b 
2 kGy 23.27±2.40b  21.32±2.34b 1.94±0.07b 158.24±6.53 37.39±1.45b 12.78±1.42b 
3 kGy 21.21±0.93b 18.52±0.90ab 2.70±0.04c 179.18±9.00 36.36±1.85b 12.55±1.70b 
5 kGy 25.03±1.08b 18.41±1.10ab 6.62±0.12d 159.21±7.81 43.76±1.09c 6.70±0.79a 
114 days       
0 kGy 38.93±0.75a 37.58±1.48a 1.35±0.88ab 113.23±6.30b 28.00±1.24a 15.18±0.55e 
1 kGy 49.08±1.29b 48.70±1.26b 0.38±0.03a 69.87±7.30a 36.23±2.06ab 7.80±0.31d 
2 kGy 48.38±1.69b  45.75±1.65b 2.54±0.13b 84.15±6.65ab 38.03±1.28b 2.87±0.12c 
3 kGy 49.26±0.62b  44.52±0.51b 4.74±0.15c 71.07±5.01a 39.04±2.35b 1.83±0.20b 
5 kGy 48.94±2.39b  43.78±2.07ab 5.16±0.58c 56.98±8.71a 44.12±2.25b 0.07+0.07a 
* Abundance following filtration 
4.2.3.1 Mineral nitrogen 
Total mineral nitrogen concentrations were significantly higher in all irradiated 
treatments than in the control (except between the 0 and 1 kGy treatments at day 0), but 
did not differ between any of the irradiation doses (Table 4.3). Nitrate concentrations were 
significantly higher in the 1 and 2 kGy treatments than in the control at day 0 and day 114; 
in the 3 kGy treatment it was also higher than in the control at 114 days (Table 4.3). Nitrate 
concentrations increased similarly in all treatments with time though (Fig. 4.3a). Ammonium 
concentrations increased sequentially and significantly with irradiation dose, except that the 
0 and 1 kGy treatments didn’t differ from each other at day 0 and the 0, 1 and 2 kGy 
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treatments didn’t at day 114, as did the 3 and 5 kGy treatments (Table 4.3). Ammonium 
concentrations didn’t change over time in any consistent way as those of NO3
- did, however 
they tended to decrease in the 5 kGy treatment by the end of the incubation, while they 
increased in the 2 and 3 kGy treatments (Fig. 4.3b). The mean concentration of NH4
+ for 
each dose was calculated and used to derive a dose-response relationship, which was clearly 
linear between the doses of 1 and 5 kGy (Fig. 4.4), and corresponded with the increase in 
NH4
+ concentrations between 0 and 10 kGy found in the first experiment (Fig. 4.1). 
 
 
 
Figure 4.3. Nitrate (A) and ammonium (B) concentrations over time. Note different scale of Y axes. 
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Figure 4.4. Dose-response relationship for ammonium concentrations, averaged out over the 
incubation period. Error bars represent the pooled standard errors for each irradiation dose. 
 
 
4.2.3.2 Microbial biomass 
Insufficient vacuum in the chloroform fumigation setup meant that the results from 
days 47, 68 and 98 had to be excluded from further analyses. Therefore only measures of 
the initial and final Cmic were available. At the beginning of the experiment there were no 
significant differences between treatments, but by the end of the experiment Cmic in the 1, 3 
and 5 kGy treatments was lower than in the control, while the 2 kGy treatment occupied an 
intermediate position (Table 4.3). In other words Cmic did not show any systematic response 
to irradiation dose at either dates, however it had decreased by almost 50% in all 
treatments by the end of the experiment (Fig. 4.5a). 
The concentration of K2SO4-extractable carbon (CK2SO4) was significantly higher in 
irradiated treatments at both dates (except for 1 kGy at 114 days), and even more so in the 
5 kGy treatment at the beginning of the experiment (Table 4.3). The linear response of 
CK2SO4 to irradiation dose did not shift significantly with incubation time (Fig. 4.5b). 
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Figure 4.5. Microbial biomass carbon (Cmic) (A) and K2SO4-extractable organic carbon (CK2SO4) (B) in 
function of irradiation dose at the beginning and end of the incubation period. 
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4.2.3.3 Nematode abundance and filtration efficiency 
Throughout the entire experiment, the abundance of nematodes (after filtration) in 
control cores exceeded that in all other treatments (Fig. 4.6). The initial nematode 
abundances in the 1, 2 and 3 kGy treatments did not differ from each other but were 
significantly greater and more than twice as high than in the 5 kGy treatment (Table 4.3). By 
the end of the experiment, nematode abundance in all treatments differed significantly 
from each other in the order 0 kGy > 1 kGy > 2 kGy > 3 kGy > 5 kGy, being barely detectable 
at the highest irradiation dose (Table 4.3). In all treatments nematode abundance tended to 
decrease throughout the incubation period, although this decrease was most marked for 
the 2, 3 and 5 kGy treatments between the first two sampling dates (Fig. 4.6). Consequently, 
the response of nematode abundance to irradiation changed with time, becoming more 
pronounced with the duration of the incubation period (Fig. 4.7). 
 
 
 
 
Figure 4.6. Nematode abundance (after filtering) in function of time for all treatments 
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The dose-response relationship for viable nematodes followed an asymptotic trend: 
even for very low doses of gamma irradiation, a pronounced decrease in  nematode survival 
occurred (Fig. 4.7). The initial slope of the dose-response curve became progressively 
steeper throughout the incubation period, meaning the dose-response relationship also 
changed with time. A negative exponential model was fitted for each sampling date to 
determine the dose at which nematodes were theoretically completely eliminated (data not 
shown). Given that by definition an asymptotic negative exponential curve never crosses the 
X axis, an arbitrary value of 1 individual g-1 was chosen to represent a minimal abundance 
below which nematodes are below the detection limit. This chosen cut-off value is just 
inferior to 5% of the initial abundance in the control treatment (21.8 ± 0.3 ind. g-1). For the 
curve at day 0 this gave an estimated dose of 14.2 kGy, for 47 days this was  4.9 kGy, for 98 
days 3.8 kGy, while after 114 days the critical dose was 2.9 kGy. These values were plotted 
and a logarithmic function (r2=0.91, p<0.01) was fitted to these data (Fig. 4.8), representing 
the time-dependency of the critical irradiation dose for nematode elimination. Substituting 
the highest irradiation dose used in the equation of the fitted function gave a necessary 
incubation period for nematode elimination of 46 days for 5 kGy (Fig. 4.8), which is in 
agreement with the data for filtered nematode abundance shown in Fig. 4.6. 
 
 
Figure 4.7. Dose-response curve for filtered nematode abundance at different sampling times. 
Chapter 4 
122 
 
 
 
 
Figure 4.8. Computed critical doses for elimination of nematodes in function of incubation time. 
The curve represent a logarithmic fit. 
 
 
Although the filtration efficiency data could not be analysed using ANOVA due to an 
insufficient number of replicates, overall it was strongly negatively correlated with the 
irradiation dose (R=−0.93, p<0.001). The usefulness – or necessity – of using an additional 
filter step following nematode extraction is illustrated by the compilation of filter 
efficiencies (Table 4.4). In the control treatment the filter efficiency remained above 75% 
throughout the entire experiment. At higher irradiation doses the filter efficiency 
sequentially dropped and above all decreased strongly the longer the incubation time. By 
the end of the experiment, the filtration efficiency in the 1 kGy treatment was 61.7±3.7 %, in 
the 2 and 3 kGy it was short of 50%, while in the 5 kGy treatment it dwindled down to less 
than 5%. Even at the very beginning of the experiment, the filtration efficiency for 5 kGy was 
lower than recorded in any other treatments (Table 4.4). 
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Table 4.4. Filter efficiency (%) for nematode extraction and recovery at selected sampling times 
(n=2 for each cell). Blank entries indicate that nematode extracts could not be counted before 
filtration. 
Sampling 
Date 
Irradiation dose 
0 kGy 1 kGy 2 kGy 3 kGy 5 kGy 
0 days 80.6 ± 2.5 - - 42.6 ± 1.4 28.6 ± 1.3 
98 days 96.5 ± 1.4 81.9 ± 3.5 64.9 ± 12.6 33.7 ± 0.9 7.5 ± 1.1 
117 days 76.4 ± 5.4 61.7 ± 3.7 48.4 ± 5.2 49.1 ± 5.3 4.6 ± 3.0 
 
 
4.2.4 Discussion 
 
4.2.4.1 Mineral nitrogen 
The evolution of mineral nitrogen concentrations in the different treatments followed 
expected patterns and generally agreed closely with the results found in the first 
experiment (see Fig. 4.1). Gamma irradiation resulted in a systematically greater nitrate 
release throughout the entire incubation period than in the control treatment, however 
there was no clear trend in terms of irradiation dose. The significantly greater 
concentrations of nitrate in the 1 and 2 kGy treatments could have been caused by an 
increased activity of nitrifying due to reduced grazing pressure from microbivorous 
nematodes, however in the case of the 2 kGy treatment this is not supported by the 
evolution of ammonium concentrations with time. The respective changes of ammonium 
concentrations with time in different treatments are not clear either. Particularly the 
increase of ammonium levels in the 3 kGy treatment towards the experiment and the 
concomitant decrease in the 5 kGy treatment makes little sense with respect to the activity 
of nitrifying organisms, as re-establishment of these would be expected to take place sooner 
at the lower the irradiation dose. 
The mineral nitrogen profiles represent a total measure of  a number of interactions in 
irradiated soil involving abiotic irradiation-induced processes (see section 4.1) and changes 
in the structure of the microbial community and all higher soil fauna present. Unfortunately 
we could not find any comparative literature concerning such relationships. Undoubtedly, 
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the greater mineral nitrogen concentrations in irradiated cores are partly due to the 
mineralisation of microbial cells killed by irradiation (see below). A rough calculation of the 
average difference in Cmic between control and irradiated cores at the end of experiment 
(ca. 30 μg C g-1) and of the same difference in mineral N at the same time (ca. 10 μg N g-1) 
yields a C:N ratio of ca. 4. Although this ratio is too small to represent the C:N ratio of the 
entire microbial biomass (especially if fungi with a higher C:N ratio are taken into account), 
it may roughly correspond to the C:N ratio of labile organic matter originating from the 
cytoplasm of lysed cells. 
Averaged out over the entire incubation period, the dose-response relationship 
between ammonium and the irradiation dose showed a clear linear increase, which was in 
line with the trend observed in the 5-10 kGy range in the first experiment, and support the 
hypothesis formed above that the extent of ammonium release is mainly a function of the 
irradiation dose and above all an abiotic process. Regarding the use of gamma irradiation as 
a method of nematode elimination, the 5 kGy treatment (the minimal dose that was 
effective enough – see below) did not result in greater total mineral nitrogen levels than 
caused by lower irradiation doses, supporting the choice of gamma irradiation as a non-
invasive technique of soil defaunation with minimal effects on nitrogen cycling.  
 
4.2.4.2 Microbial biomass and K2SO4-extractable carbon 
Microbial biomass was depressed by gamma irradiation, although the dose applied did 
not make any apparent difference to the extent by which it was reduced. More importantly 
however, the magnitude of change in Cmic due to irradiation (ca. 30% reduction) was much 
smaller than the change that occurred in all treatments in response to incubation conditions 
(ca. 50% decrease by the end of the experiment). Of course a decrease in Cmic may not be a 
desirable outcome for incubation studies involving trophic links between microorganisms 
and their faunal grazers. However the soil used was intentionally not amended with organic 
matter to stimulate microbial activity, as increases in Cmic may have obscured the potentially 
negative effects of gamma irradiation which were the focus of this experiment. 
As for the previous experiment, the concentration of K2SO4-extractable carbon (CK2SO4) 
determined from non-fumigated samples increased linearly with irradiation dose (Fig 4.5b). 
Interestingly there were no significant changes in CK2S04 between the initial and final 
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sampling dates. Again the range of increase fitted well within that observed for the first 
experiment at the first two sampling dates (Fig. 4.2). 
A great difficulty posed by the interpretation of Cmic data is that only a total value is 
being measured, therefore changes in the composition of the microbial community in 
general and of the relative abundance of important functional groups in particular are not 
detectable. Hence an identical microbial biomass between different treatments or sampling 
times may in fact obfuscate important changes that in turn affect nematodes and 
mineralisation dynamics. In this experiment, gamma irradiation may be responsible for (at 
least) two such changes in microbial community dynamics. Firstly, opportunistic and more 
radio-resistant taxa such as bacteria in general may have increased in abundance at the 
expense of taxa known to be more sensitive to radiation such as fungi. Such effects have 
certainly been detected with higher irradiation doses than those we used (McNamara et al., 
2007) and suspected from much lower irradiation doses too (Jones et al., 2004), although in 
the latter case indirect plant-induced effects could not be ruled out. Secondly, due to an 
increase in the amount of easily available soluble organic matter (as reflected in CK2SO4 
concentration – cf. Haynes, 2005) in all irradiated treatments except the 1 kGy one perhaps, 
certain microbial taxa may in fact be stimulated by the additional food sources compared to 
the control. This effect includes the increase of available organic matter due to the lysis of 
living organisms sensitive to radiation. The combination of these two effects could explain 
why the range of gamma irradiation doses applied did not cause significant changes in the 
total Cmic. However in our case the lack of a pronounced decrease of Cmic in the 5 kGy 
treatment is a desirable outcome, as it implies that nematode elimination by gamma 
irradiation is possible while maintaining a viable microbial community. 
 
4.2.4.3 Nematode abundance 
Gamma irradiation had an effect on nematode survival right from the onset of the 
experiment: even at the lowest dose applied (1 kGy), nematode abundance had decreased 
by about a third at day 0; in the 2 and 3 kGy treatments it was almost reduced by half. 
Although the effect of irradiation on nematodes was in the first place immediate, it also had 
a prolonged effect, as abundances in all irradiated treatments kept on decreasing 
throughout the duration of the incubation. By the end of the experiment the nematode 
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abundance in all treatments differed from each other, nematodes being virtually completely 
absent from the 5 kGy treatment. However, nematode abundance in the control also 
decreased towards the end of the experiment, probably in response to the decrease in Cmic 
(these variables were significantly correlated: R=0.50, p<0.001, n=55 – although it cannot be 
excluded that above all root-feeders declined in abundance due to the absence of plant 
roots). In other words it is not certain that the decrease in viable nematodes (i.e. able to 
pass through a filter) in the irradiated treatments was only due to the effect of irradiation 
itself. Given we were not able to ascertain this effect, we chose to assume the observed 
decrease was due to gamma irradiation. The initial slope of the nematode dose-response 
curve, which was suitably modelled by a negative exponential model, steepened 
considerably with increasing incubation time. This above all means that enough time is 
required for the full effect of gamma irradiation on nematode survival to be observed. In 
our case, it seems that nematode numbers were still decreasing after three months of 
incubation. The derived relationship between the computed critical irradiation dose and 
incubation time (Fig. 4.8) illustrates this well: to observe immediate and total elimination of 
viable nematodes from this soil a dose in excess of 14 kGy would be required, while with the 
highest dose applied here (5 kGy) a period of more than 6 weeks would be required for 
nematodes to be totally eliminated. In comparison, interpolating from this same logarithmic 
function, selecting a lower dose of 4 kGy would imply having to wait up to 9 weeks. In 
practical terms though, and as is clearly demonstrated in Fig. 4.6, nematode abundance is 
strongly reduced immediately following irradiation, so it is not imperative to wait for the full 
calculated period before engaging in experiments with soil defaunated by gamma 
irradiation. The filtration efficiency results make it clear that an active nematode extraction 
technique (see Chapter 2) needs to be used if nematode populations are to be accurately 
quantified. Unless the non-viability of recently killed nematodes is confirmed by microscopic 
observation (Chapter 5), using extraction methods such as centrifugation and flotation will 
result in erroneous estimations of nematode abundance in gamma-irradiated soil. 
Very few comparable results exist in the literature, and these all concern the mortality 
or reproductive ability of a single species of nematode (Siddiqui and Viglierchio, 1970; 
Thompson, 1990; Chinnasri et al., 1997; Shamma and Al-Adawi, 2002). Much the same is 
true for studies of protozoa (Gilbert et al., 1998; Fuma et al., 2010), tardigrades (Jönsson et 
al., 2005) and Collembola (Nakamori et al., 2008). We can therefore only hypothesise about 
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exactly how the lower gamma irradiation doses cause a gradual decrease in nematode 
survival. In the absence of further data, and given the short generation time of most 
nematodes (days-weeks), the time lag involved in their elimination is most probably due to 
reproductive impairment and genetic mutation of subsequent generations. 
The mechanisms proposed earlier for the stimulation of certain microbial taxa at the 
expense of others may also partly apply to nematode grazers. Changes in the food sources 
of bacterivorous nematodes, and the more than likely superior ability of enrichment 
opportunists such as Rhabditidae to withstand adverse conditions (by reverting to their 
dauer larvae life-forms for example), may have enabled these taxa to recover somewhat 
from sub-lethal gamma irradiation and temporarily thrive on the available bacteria without 
interference. This is partly suggested by the slight increase in nematode abundance in the 
second half of the experiment in the 1 and 2 kGy treatments (Fig. 4.7).  
 
4.2.6 Conclusions 
This additional experiment sought to investigate whether it was possible to eliminate 
free-living nematodes from an agricultural soil by applying gamma irradiation doses inferior 
to 5 kGy, the standard on which the first experiment was based. While a lower dose of 4 kGy 
for example may certainly result in total nematode elimination, the length of time require 
for this to take effect make it impractical for tracking short-term changes in such processes 
as nitrogen mineralisation. In addition, we established that microbial biomass was not 
significantly reduced compared to lower doses, and that the irradiation-induced nitrogen 
mineralisation was not significantly greater. However the apparently high sensitivity of 
nitrifiers to gamma irradiation, although temporary (see Chapter 6) should also be taken 
into account. Lastly, our results highlight the importance of using at least some form of 
active extraction to segregate viable nematodes from those recently deceased or otherwise 
incapacitated by gamma irradiation.  
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Abstract 
Soil fauna, particularly nematodes, are considered to strongly contribute to nitrogen 
mineralisation through grazing on microflora during decomposition. Demonstration of this 
effect has mostly relied on calculation-based soil food web analyses or experiments 
involving simplified and artificially constructed food webs. We carried out an incubation 
experiment in which defaunated soil cores were reinoculated with entire soil nematode 
populations extracted from bulk soil and during which nitrogen mineralisation was 
measured. Both undisturbed and disturbed cores were prepared to investigate whether a 
representative pore structure influences the effect of entire free-living nematode 
populations on nitrogen mineralisation.  Cores were subjected to a 5 kGy gamma irradiation 
dose sufficient to eliminate all soil fauna while leaving the microbial biomass largely intact. 
Half of the irradiated cores were reinoculated with nematodes extracted from a 
corresponding volume of bulk soil and incubated for 82 days. The microbial biomass was not 
strongly affected by gamma irradiation or nematode addition but declined strongly in all 
treatments during incubation. Reinoculation of nematodes was successful in establishing 
populations of a similar size and composition as in the control samples. Net nitrogen 
mineralisation from indigenous soil organic matter was observed in all treatments 
throughout the incubation, but was always more pronounced in irradiated cores. Total 
mineral nitrogen concentrations did not differ significantly between simply irradiated and 
irradiated then reinoculated cores. However by the end of the incubation period nematode 
addition resulted in 87% and 23% more NO3
--N g-1 dry soil in undisturbed and disturbed 
cores respectively, while NH4
+-N g-1 dry soil decreased by 50% in both core types. We found 
no convincing evidence for a contribution of free-living nematodes on total nitrogen 
mineralisation, but the activity of nitrifying organisms was clearly stimulated by nematode 
grazing. 
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5.1 Introduction 
 
Soil fauna have been estimated to collectively contribute to approximately 30% of 
nitrogen mineralization (Verhoef and Brussaard, 1990) by excreting excess N in the form of 
ammonium and by regulating the size and activity of the microbial community. 
Microbivorous nematodes contribute strongly to this process by occupying key trophic 
positions in the soil food web. Soil free-living nematodes include bacterivorous and 
fungivorous nematodes that directly influence nitrogen mineralisation and microbial 
turnover (Hunt et al., 1987), as well as omnivorous and predatory nematodes which may 
indirectly influence nitrogen mineralisation by regulating the population of microbivorous 
nematodes (Wardle et al., 1995). 
This contribution of nematodes to nitrogen mineralisation has previously been 
investigated by means of two distinct approaches: empirically determined in additive 
microcosm experiments (Anderson and Ineson, 1982; Woods et al., 1982; Ingham et al., 
1985; Griffiths, 1986; Bruckner et al., 1995; Ferris et al., 1998, Bardgett and Chan, 1999) or 
theoretically derived from soil food web models (e.g. Hunt et al., 1987, Brussaard et al., 
1990, Moore and de Ruiter, 1991). Although food web models are based on field 
measurements for the estimation of the biomass of the different functional groups, they are 
sensitive to a number of uncertain input parameters such as the C:N ratios of bacteria and 
their substrates (de Ruiter et al., 1993) and the assimilation and production efficiencies of 
various faunal groups (Verhoef and Brussaard, 1990). Lastly food web models do not 
explicitly take account of indirect contributions of soil fauna to N mineralisation through the 
modification of factors limiting microbial growth (Beare et al., 1992). 
The use of microcosms to study the influence of soil fauna on ecosystem processes 
such as nitrogen mineralisation has seen numerous improvements and developments in 
complexity over the decades (Huhta, 2007). However, besides a clear bias of most 
microcosm studies towards small volumes and relatively short incubation times (Kampichler 
et al., 2001), most microcosm experiments have lacked realism compared to natural soil in 
at least one of the following three ways: (1) a modified soil physical structure due to soil 
pre-treatment effects such as sterilisation; (2) a reinoculated microbial community of highly 
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reduced or uncharacterised diversity; (3) an artificially assembled soil food web with often a 
single species of fauna representing a functional group. 
Despite proven links between processes carried out by soil biota and the physical 
heterogeneity of the soil habitat (Crawley et al., 2005), the establishment of a 
representative soil pore structure has seldom received attention in microcosm studies. 
However in a series of experiments dealing with the dynamics of nematode populations in 
response to changes in matric potentials, undisturbed cores were used but nematode 
populations were not explicitly manipulated in a controlled manner (Görres et al., 1999; 
Neher et al., 1999). In a similar type of experiment, Yeates et al. (2002) first defaunated 
undisturbed cores and then reinoculated them with the bacterivorous nematodes 
Cephalobus, Pristionchus and Rhabditis to study the effects of matric potential on 
population dynamics and feeding activity. 
To prepare microcosms, soil is usually first mixed, sieved and repacked; occasionally 
soil is also dried and re-wetted prior to incubation. In some cases a structurally simple and 
homogenous medium such as acid-washed sand has been used instead of soil (Ferris et al., 
1998; Chen and Ferris, 1999). Common sterilisation procedures such as autoclaving have 
been shown to modify the soil pore structure (Clarholm, 1985). Kampichler et al. (1999) 
showed that defaunation by freezing allowed intact soil monoliths to be used as 
experimental units without much physical disruption; however the effect of freezing on 
microflora was not studied.  Gamma irradiation is one technique that can be used to either 
sterilise or selectively remove soil fauna from soil without affecting its physical structure 
(McNamara et al., 2003; Buchan et al., 2012). The influences of such pre-treatments on 
processes of interest in microcosm experiments have, to the best of our knowledge, not 
been systematically studied yet. 
A controlled biotic community is mostly established by complete sterilisation followed 
by reinoculation with a single or handful of micro-organisms easily cultured in laboratory 
environments at the worst (Coleman et al., 1978; Anderson et al., 1981; Griffiths, 1986; 
Chen and Ferris, 1999), or a microbial slurry filtered from a soil suspension at the best 
(Clarholm, 1985; Jones et al., 1998; Sulkava and Huhta, 1998, Bardgett and Chan, 1999; Xiao 
et al., 2010). Except for one study where microbial communities reinoculated into sterile soil 
were compared to the controls by PLFA analysis (Griffiths et al., 2008), we found no 
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attempts to compare the composition or size of reinoculated microbial communities with 
the original ones in undisturbed soil in field conditions. 
There has been a long tradition in microcosm experiments to test ecological theories 
using an artificially constructed soil food web with a select amount of species, especially in 
the case of nematodes (Woods et al., 1982; Ingham et al., 1985; Griffiths, 1986). Yet related 
species of nematodes with similar feeding habits have been shown to differ in their effect 
on nitrogen mineralisation (Ferris et al., 1998). In a few controlled experiments, nematode 
species from trophic groups other than bacterivores and fungivores have been used to test 
the effect of omnivory in a simple soil food web (Mikola and Setälä, 1999). We found no 
studies including predatory and/or omnivorous dorylamid nematodes, presumably because 
these are not easily cultivated in laboratory media. Free-living root-feeding nematodes such 
as Tylenchidae, which in many soils make up a significant part of the nematode community, 
are also not commonly included in experimental studies of nitrogen mineralisation. Because 
of these limitations, potentially important ecological processes such as interspecific 
competition or predation have largely been overlooked. In addition there is a risk of making 
generalised conclusions concerning the relationship between functional diversity and an 
ecosystem process, when in fact species-specific effects are being observed (Mikola, 1998a). 
However some experiments have been conducted using whole nematode communities 
extracted from soil (Sulkava and Huhta, 1998) or derived from soil and intentionally reared 
so as to be dominated by bacterivores (Xiao et al., 2010).   
To address the issues highlighted above we chose to carry out an incubation study 
using both undisturbed and disturbed (i.e. sieved and homogenised) unamended soil cores, 
in which we attempted to leave the microflora intact and only selectively remove soil fauna 
using non-disruptive low-dose gamma irradiation. Most importantly, we reinoculated entire 
viable nematode populations extracted directly from soil into our defaunated microcosms, 
instead of adding individual nematode species. 
The aims of this study were to assess whether entire nematode populations in 
microcosms caused increased nitrogen mineralisation compared to defaunated microcosms, 
and whether this influence differed between undisturbed and disturbed microcosms. Two 
secondary aims relating to the methodology we employed were to verify whether the 
microbial community differed between control and irradiated microcosms, and whether 
reinoculated nematode populations differed from those in control microcosms. 
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5.2 Materials and Methods 
 
5.2.1 Field sampling and core preparation 
 
Undisturbed cores and bulk soil were collected in October 2008 from an organic 
agriculture trial field (ILVO, Merelbeke, Belgium) on which clover had been sown earlier in 
the spring. The soil had a sandy loam texture, and at sampling the pHKCl averaged 5.3, 
organic C content was 1.03 % and the C:N ratio was 11. Due to poor establishment of the 
clover, it was possible to collect bare, plant-free soil for this experiment. Six undisturbed 
samples were collected to determine bulk density (1,230 ± 27 Mg m-3) and field moisture 
content (0.165 ± 0.002 g g-1) in the 0-10 cm layer within a ca. 10 x 10 m area at least 5 m 
from the edges of the field. From this same area 54 undisturbed cores were collected from 
the upper 7.5 cm by inserting bevelled PVC tubes (height 7.5 cm, diameter 7.5 cm). These 
were capped on both ends and stored with minimal physical disturbance. A large amount of 
bulk soil was also collected from the same area and depth layer. Bulk soil was first mixed in 
buckets and coarsely sieved (10 mm mesh) to remove stones and root fragments and then 
further gently homogenised. Bulk soil was used to refill another 54 disturbed cores with 
280.0 g fresh soil, which was gently compacted to the same bulk density as measured in the 
field. The remaining bulk soil was stored in black plastic bags in a basement at around 17˚C 
until nematode extraction (no more than two days later). 
 
5.2.2 Gamma irradiation and nematode reinoculation 
 
One third (n=18) of both type of cores were set aside as control cores and kept at 
ambient temperature until the start of the incubation. All the other cores were subjected to 
gamma irradiation at a dose of 5 kGy (Sterigenics industrial facility, Fleurus, Belgium), 
following a previously determined dosage proven to eliminate nematodes but not 
significantly affect microbial biomass (Buchan et al., 2012) and stored together with control 
cores. Entire nematode populations were extracted from 150.0 g aliquots of bulk soil using 
the zonal centrifuge method (Hendrickx, 1995). Nematodes were collected in 100 ml water 
and then washed over a 5 μm sieve to remove MgSO4 and kaolinite from the extraction 
solution, as well as dissolved or particulate organic matter and bacteria that may have been 
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extracted along with the nematodes. Half of the irradiated cores (n=18 for each core type) 
were reinoculated with nematodes extracted from a corresponding amount of bulk soil, 
assuming a combined extraction and inoculation efficiency of approximately 60% (i.e. 
nematodes extracted from three 150.0 g bulk soil samples were used to inoculate each 
core). Nematodes were added to cores by injecting individual extraction aliquots at different 
locations on the surface of each core. An even dispersal throughout the height of the core 
was ensured by raising the syringe needle gradually as the nematode suspension was 
injected. Disturbed and undisturbed cores were reinoculated in exactly the same manner. 
 
5.2.3 Experimental setup and sampling 
 
The cores preparation steps generated six treatments: CU (undisturbed control), GU+ 
(irradiated undisturbed and reinoculated), GU- (irradiated undisturbed), CD (disturbed 
control), GD+ (irradiated disturbed and reinoculated), and GD- (irradiated disturbed). 
Irradiated and reinoculated cores are henceforth referred to as ‘reinoculated’, simply 
irradiated cores as ‘defaunated’. Cores were brought to and maintained at ca. 50% water-
filled pore space and incubated at 18˚C for 82 days. Three replicates from each treatment 
were destructively sampled after 5, 12, 26, 38, 53 and 82 days of incubation. 
At each sampling event 3 randomly selected cores per treatment were removed, 
gently homogenised and each sampled for the determination of chemical and biochemical 
parameters. Gravimetric moisture content was determined and all parameters are 
expressed per gram of dry soil. 
 
5.2.4 Nematode analyses 
 
Nematodes were extracted as above from 100.0 g soil from each core, after thorough 
mixing. The zonal centrifuge extraction method as described by Hendrickx (1995) was used, 
which uses centrifugation to separate free-living nematodes from mineral and most organic 
soil constituents based on their specific density. Extracted nematodes were washed as 
above and concentrated in 5-10 ml distilled water for storage at 4˚C until further processing. 
Within days of extraction nematodes were counted under a binocular microscope; for each 
sample the percentage of moving, active nematodes was estimated after counting. A 
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previous experiment (Buchan et al., 2012) indicated that recently irradiated nematodes 
were extracted along with viable living nematodes; hence we paid attention to the visual 
state of nematodes during counting and taxonomic determination. After counting, 
nematodes were fixed with 4% hot formaldehyde (70˚C) for further conservation. During 
counting we estimated the percentages of mobile nematodes and seemingly dead, 
immobile nematodes. 
Nematode identification was carried out only on control and reinoculated samples 
from the beginning (5 days) and from the end (82 days) of the incubation period. In addition 
nematodes from three replicates of bulk soil sampled on the field were identified to 
establish initial conditions. Mass slides were prepared and nematodes identified to family 
level or genus where possible according to Bongers (1988) and allocated to trophic groups 
according to Yeates et al. (1993). The percentage of degraded or otherwise unidentifiable 
nematodes was determined to differentiate between irradiated and viable nematodes and 
calculate the abundances of all identified nematodes. Given the yet unresolved issue of the 
exact feeding habits of nematodes in the family Tylenchidae (Christensen et al., 2007), we 
preliminarily considered only Filenchus to be fungivorous and other genera in the family to 
be root-feeders.  Dauer larvae were counted separately but not differentiated by family. To 
further assess whether the overall functional diversity of nematode communities was 
affected by experimental treatments, we calculated ecological indices as summarised by 
Bongers and Ferris (1999) and Ferris et al. (2001): the Maturity Index (MI), the same index 
excluding enrichment opportunists (MI-2-5), the plant-parasitic index (PPI), the enrichment 
index (EI), the structure index (SI), the basal index (BI) and the channel index (CI).  
 
5.2.5 Chemical analyses 
 
Mineral N (as NO3
- and NH4
+) was determined from 30.0 g fresh soil extracted with 60 
ml  1 M KCl and measured colorimetrically by a continuous flow auto-analyzer (Chem-lab 4, 
Skalar Anaytical, Breda, The Netherlands). Microbial biomass carbon (Cmic) was determined 
using the fumigation-extraction technique (Vance et al., 1987). Fumigated soil and non-
fumigated controls (30.0 g fresh soil) were extracted with 60 ml 0.5 M K2SO4 and stored at 
−18˚C until analysis. Organic carbon contents of the extracts were determined with a TOC 
analyser (TOC-VCPN, Shimadzu Corporation, Kyoto, Japan). For conversion from organic C in 
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extracts to Cmic in soil a kEC value of 0.45 was assumed (Joergensen, 1996). The fumigation 
procedure at days 12 and 53 failed due to an incomplete vacuum therefore these data were 
omitted from further analyses. 
 
5.2.6 PLFA extractions 
 
Phospholipid fatty acids (PLFAs) were extracted using a modified Bligh and Dyer (1959) 
technique. The procedure followed is described in more detail by Moeskops et al. (2010). 
Briefly, lipids were extracted from 4.00 g freeze-dried soil with a one-phase mixture of 
phosphate buffer (pH 7.0), chloroform and methanol in volume ratios of 0.8:1:2 
respectively. Lipids were then fractionated into neutral, glyco- and phospholipids using SiOH 
SPE cartridges (Chromabond, Macherey-Nagel GmbH, Düren, Germany). Neutral and 
glycolipids were discarded and the phospholipid fraction was subjected to mild alkaline 
methanolysis to give fatty acid methyl esters (FAMEs). These were dried down under N2 and 
re-dissolved in 300 μl hexane containing 8 mg L-1 19:0 (nonadecanoic acid methyl ester; 
Sigma-Aldrich Inc., St. Louis, USA) as an internal standard. Samples were analyzed by 
capillary gas chromatography–mass spectrometry (Thermo Focus GC coupled to Thermo 
DSQ MS; Thermo Fischer Scientific Inc., Waltham, USA), using splitless injection, helium as a 
carrier gas and a Restek Rt-2560 capillary column (100 m length x 0.25 mm internal 
diameter, 0.2 μm film thickness; Restek, Bellefonte, USA). FAMEs were identified by 
chromatographic retention time using the total ion count method and by comparison with a 
standard quantitative FAME mixture (Restek Food Industry FAME mix 35077) and a 
qualitative FAME mixture (Supelco Bacterial Acid Methyl Ester mix 28039U, to which 
individual standards of a16:0, a17:0, 16:1ω5, 10Me16:0 and 10Me18:0 were added). FAMEs 
were quantified using serial dilutions of the quantitative FAME mix; for FAMEs for which 
only qualitative standards were available, the calibration curve of the nearest structural 
analogue was used, so that the concentration of all FAMEs could be expressed in nmol g-1 
dry soil. Of the 49 standard FAMEs which could be detected with certainty, 25 consistently 
occurred in significant amounts, always representing more than 90% of the total measured 
FAME concentration. Only these FAMEs were retained for further statistical analysis and the 
sum of these is henceforth referred to as the ‘total’ amount of PLFAs (expressed in nmol g-
1). 
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The nomenclature of fatty acids was adapted from Zelles (1999); potential taxon-
specific biomarker FAMEs were taken from Moeskops et al. (2010) as follows: the sum of 
i15:0, a15:0, i16:0,  a16:0, i17:0 and a17:0 for Gram-positive bacteria; cy17:0 for Gram-
negative bacteria (cy19:0 co-eluted with 18:2ω6,9c and was hence ignored); the sum of 
10Me16:0 and 10Me18:0 for the actinomycetes, 18:1ω9c for saprotrophic fungi (as an 
alternative to 18:2ω6,9c – cf. Joergensen and Wichern, 2008) and 16:1ω5c for arbuscular 
mycorrhizal fungi (AMF). The ratio of the cyclopropyl fatty acid cy17:0 to its 
monounsaturated precursor 16:1ω7c was used as an indicator of nutrient stress of Gram-
negative bacteria, with higher values indicating reduced activity (Peterson et al., 1997). The 
bacterial:fungal ratio was calculated as the sum of the Gram-positive and Gram-negative 
biomarkers in addition to fatty acids 15:0 and 17:0 divided by the fungal fatty acid 18:1ω9c. 
 
5.2.7 Statistical analyses 
 
The following 3-way factorial design was used in the analysis of the mineral N, 
nematode abundance and microbial biomass C: a factor core with 2 levels (undisturbed and 
disturbed), a factor gamma with 3 levels (control, defaunated and reinoculated) and a factor 
time with 6 levels (0, 5, 12, 26, 37, 53 and 82 days of incubation). Because the response to 
irradiation and reinoculation differed markedly between undisturbed and disturbed cores 
and mostly resulted in interactions effects involving the factor core, this factor was fixed and 
split-plot 2-way ANOVA of the remaining factors was undertaken instead. For PLFA profiles 
and the nematode population composition a similar split-plot design was used except that 
the factor time had either 3 (disturbed cores: 0, 5 and 82 days) or 2 (undisturbed cores: 5 
and 82 days) levels. For nematode abundance the factor gamma obviously had only 2 levels 
(control and reinoculated). For any significant factor with more than 2 levels Tukey’s HSD 
post hoc test was used to compare groups. Where necessary, data were log-transformed to 
meet assumptions of normality and homoscedasticity. All statistical tests were carried out at 
a significance level of 0.05, using the statistical software programme SPSS. To investigate 
possible changes in microbial community structure, the concentrations of consistently 
occurring FAMEs (expressed in the nmol g-1) from days 5 and 82 were subjected to 
multivariate analysis using principal component analysis (PCA) based on the correlation 
matrix. 
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Figure 5.1. Microbial biomass carbon in undisturbed (a) and disturbed (b) soil. 
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5.3 Results 
 
5.3.1 Microbial biomass carbon 
Microbial biomass carbon  (Cmic) displayed similar dynamics in all treatments in both 
undisturbed and disturbed soils: a peak after 5 days of incubation then a sharp decline until 
reaching a more stable baseline from 38 days onwards (Fig. 5.1, p < 0.001 for the factor time 
for both core types). In disturbed cores, Cmic of reinoculated and defaunated treatments 
didn’t differ from each other but were significantly lower than that of the control (p=0.009). 
In undisturbed cores Cmic was lower in the defaunated than in the control treatment, while 
the reinoculated was intermediate between the two and significantly different (p=0.032 for 
factor gamma). In both undisturbed and disturbed cores the gamma treatment had a 
significant effect on Cmic (p=0.013 for both, model with interaction) being on average higher 
in the control than in irradiated treatments. In the undisturbed control Cmic peaked much 
more strongly than in irradiated cores and in its disturbed counterpart, whose peak was the 
same as the defaunated treatment. 
 
5.3.2 PLFA profiles 
The PLFA composition for all treatments was measured after 5 and 82 days of 
incubation (Table 5.1). Almost all significant differences in biomarkers were found among 
disturbed cores only. Total PLFA concentration was significantly affected by incubation time 
in disturbed soils, but not in undisturbed soil cores. The biomarker for fungi was significantly 
affected by the factor time, being lower in all treatments after 82 days of incubation than 
after 5 days. As a result the bacterial:fungal ratio increased significantly with time in all 
treatments. The marker for actinomycetes was lower after 82 days than after 5 days in 
disturbed cores, as was that for Gram-positive bacteria. In undisturbed cores only the 
bacterial:fungal ratio was significantly affected by the factor time even though there were 
no significant differences in the concentrations of bacterial and fungal biomarkers. The ratio 
of fatty acids cy17:0 to 16:1ω7c, an indicator of stress, significantly increased with 
incubation time in disturbed cores. In undisturbed cores there was a weak but significant 
interaction between the factors time and gamma, due to a decrease with time in the 
defaunated treatment only (Table 5.1); in contrast in all other treatments the ratio cy17:0 to 
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16:1ω7c increased from day 5 to day 82. The principal component analysis of all FAMEs 
segregated samples mainly according to sampling time and more weakly according to core 
type (Fig. 5.2). The first principal component accounted for 41.1% of the total variance and 
the second for 17.1%, or combined 58.4% of the total variance. The projection of the 
loadings of individual FAMEs as vectors on the ordination plot showed that a number of 
bacterial and fungal FAMEs contributed to segregate samples by sampling date in 
approximately equal measures (Fig. 5.3). It stands out that no single FAME dominates the 
share of any other in terms of loadings, meaning the observed clustering in function of 
sampling time is a reflection of the overall decrease in the concentration of a range of 
microbial FAMEs, confirming the trend seen in the biomarker data. 
 
Table 5.1. Concentration of total PLFA and selected biomarkers in mol g-1 dry soil, except for the B:F 
(bacterial:fungal) ratio and stress (cy17:0/16:1ω7c) ratio and results of the split-plot (by core type) two-way 
ANOVA analysis for the factor gamma and time. Where the interaction of these factors was non-significant, 
the analysis was repeated without the interaction effect in the model. 
Factors  Total PLFA 
Gram-
positive 
Gram-
negative 
Actinomyc. Fungi AMF B:F ratio Stress ratio 
Disturbed          
Control 0 31.24 (1.25) 6.77 (0.24) 0.97 (0.04) 2.44 (0.08) 1.77 (0.08) 1.74 (0.09) 4.76 (0.06) 0.342 (0.005) 
 5 32.60 (3.83) 7.78 (0.96) 1.09 (0.13) 2.52 (0.38) 1.93 (0.41) 1.64 (0.29) 5.47 (0.69) 0.350 (0.023) 
 82 27.61 (2.96) 6.66 (0.67) 0.79 (0.10) 2.17 (0.20) 1.52 (0.19) 1.46 (0.25) 5.40 (0.33) 0.366 (0.041) 
          
Reinoculated 5 34.15 (0.56) 7.49 (0.12) 0.96 (0.01) 2.67 (0.08) 2.14 (0.07) 1.58 (0.07) 4.45 (0.14) 0.240 (0.010) 
 82 26.64 (2.72) 5.59 (0.46) 0.94 (0.20) 1.80 (0.17) 1.36 (0.07) 1.04 (0.12) 5.32 (0.22) 0.379 (0.009) 
          
Defaunated 5 33.05 (0.68) 7.82 (0.19) 0.89 (0.04) 2.52 (0.04) 1.80 (0.30) 1.58 (0.06) 4.44 (0.06) 0.282 (0.016) 
 82 28.58 (1.49) 7.09 (0.52) 0.88 (0.16) 2.13 (0.05) 1.45 (0.03) 1.56 (0.24) 5.63 (0.29) 0.347 (0.071) 
          
P (gamma)  0.968 0.348 0.764 0.840 0.836 0.324 0.265 0.221 
P (time)  0.021 0.011 0.460 0.013 0.003 0.184 0.052 0.027 
P (gamma x time) ns ns Ns Ns Ns ns Ns Ns 
Undisturbed          
Control 5 32.97 (2.33) 7.47 (0.41) 1.00 (0.09) 2.75 (0.24) 2.09 (0.11) 1.70 (0.34) 4.53 (0.04) 0.291 (0.021) 
 82 34.10 (1.62) 8.16 (0.36) 1.05 (0.07) 2.83 (0.32) 1.84 (0.23) 2.09 (0.33) 5.54 (0.52) 0.337 (0.012) 
          
Reinoculated 5 33.29 (2.35) 7.61 (0.77) 1.17 (0.15) 2.68 (0.37) 2.14 (0.37) 1.87 (0.29) 4.79 (0.34) 0.326 (0.007) 
 82 31.81 (0.51) 7.21 (0.23) 1.04 (0.01) 2.38 (0.20) 1.58 (0.16) 1.69 (0.22) 5.77 (0.43) 0.348 (0.019) 
          
Defaunated 5 29.92 (1.29) 7.02 (0.47) 0.89 (0.01) 2.38 (0.21) 1.80 (0.30) 1.35 (0.11) 5.16 (0.60) 0.326 (0.015) 
 82 33.40 (3.25) 7.09 (0.52) 1.12 (0.38) 2.27 (0.17) 1.53 (0.12) 1.43 (0.20) 5.93 (0.56) 0.281 (0.022) 
          
P (gamma)  0.665 0.314 0.822 0.201 0.408 0.150 0.503 0.166 
P (time)  0.542 0.762 0.715 0.592 0.068 0.628 0.019 0.577 
P (gamma x time) ns ns Ns Ns Ns ns Ns 0.048 
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Figure 5.2. Biplot of the first two principal components of the PCA analysis. The first principal 
component explained 41.1% of the total variance, the second principal component a further 
17.4%. Data points were averaged by core type and incubation time. 
 
Figure 5.3. Vector plot of PCA loadings for individual FAMEs, using the same axes as Figure 5.2 but 
on a different scale. 
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5.3.3 Nematode population dynamics 
Nematode abundance was strongly affected by incubation time and gamma treatment 
(Fig. 5.4), but due to a strong interaction between these factors in undisturbed cores (Table 
5.2), results are presented separately for each gamma treatment. Nematodes were 
recovered from non-inoculated cores throughout the duration of the experiment, although 
this amount steadily declined throughout the experiment to ca. 5 individuals g-1 dry soil for 
both core types (Fig. 5.4). Subsequent microscopic observation confirmed these nematodes 
were dead. Unexpectedly high amounts of nematodes were found in disturbed defaunated 
samples after 11 days, although these were also clearly immobile and dead. 
In undisturbed cores nematode abundance in the controls reached 30-35 individuals g-
1 dry soil after 26 days of incubation and stabilised at around 20 individual g-1 dry soil by day 
53 (Fig. 5.4a). In disturbed soil population levels for the controls did not deviate much from 
this same mean value and there was no distinct peak (Fig. 5.4b). Inoculation of nematodes 
was successful in establishing populations of the same magnitude as in the control samples: 
after an initial increase between 5 and 12 days after inoculation, abundance in both types of 
core decreased to around 75% of control levels. 
The composition of the nematode community was determined after 5 and 82 days of 
incubation in the control and reinoculated samples, and also in disturbed cores at sampling 
(0 days). The proportion of unidentifiable nematodes reflected the recent death of 
nematode due to the experimental treatments used: 20-30 % all observed nematodes were 
unidentifiable in reinoculated cores after 5 days, while after 82 days this proportion had 
decreased to below 10%, as found in the control cores throughout the experiment (data not 
shown). The percentage of unidentifiable nematodes at the initial sampling was lower (4%) 
than in the incubated controls. In non-inoculated samples in which nematodes were 
observed, the proportion of unidentifiable nematodes always exceeded 90%. 
The amount of viable nematodes was calculated from these percentages and the 
nematode counts. Given the abundance of viable nematodes was lower in reinoculated 
cores (Table 5.2), nematode composition data are given and discussed as abundance data 
(individuals g-1 dry soil) instead of percentages (e.g. Sánchez-Moreno et al., 2010; Xiao et al., 
2010). 
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Figure 5.4. Nematode abundance in undisturbed (a) and disturbed (b) cores. 
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Root-feeding nematodes of the families Tylenchidae (excluding Filenchus), Tylodoridae 
(Cephalenchus), Dolichodoridae and Pratylenchidae together represented about a third of 
the nematode community in all treatments. In control cores, root-feeders maintained a 
more or less constant presence throughout the experiment despite the absence of any 
visible plant root fragments. In reinoculated cores on the other hand the abundance of root-
feeders decreased by about a third between the two sampling dates (Table 5.2). When 
Tylenchidae were excluded from this trophic group, the trend of the remaining root feeders 
was similar but less pronounced. 
Fungivorous nematodes consisted mainly of Filenchus and erratically occurring 
numbers of Aphelenchus and Aphelenchoides. Reinoculation resulted in significantly lower 
abundances of fungivores than in the controls for both core types (Table 5.2). This was 
mainly due to a lower occurrence of Filenchus in reinoculated cores, whose abundance was 
significantly and negatively affected by reinoculation and incubation time in disturbed cores 
only. The abundance of Filenchus had doubled by the end of incubation in undisturbed 
reinoculated cores. When the remaining Tylenchidae were also included in the fungivorous 
trophic group, reinoculation had a similarly significant effect in disturbed cores and a 
strongly significant effect in undisturbed cores (Table 5.2). For undisturbed cores, this 
inclusion also resulted in a positive effect for the duration of incubation, the population of 
fungivores tending to be greater after 82 days than after 5 days for both control and 
reinoculated cores. Only the abundance of Aphelenchoides (data not shown) was positively 
correlated with the fungal PLFA biomarker in disturbed cores (R=0.66, p=0.008). 
All together bacterivorous nematodes constituted an important proportion (28-37 %) 
of the nematode population irrespective of treatments (Table 2). In disturbed cores, the 
abundance of bacterivores was highest in reinoculated cores after 5 days and lowest in 
reinoculated cores after 82 days, while the abundance in control cores remained more or 
less constant (no significant effects). In undisturbed cores the abundance of bacterivores 
was significantly lower in reinoculated cores compared to control cores. The general 
opportunist nematodes of the family Cephalobidae made up the bulk of the active 
bacterivores at all sampling times (17-25 % of total nematode abundance), although they 
significantly decreased in abundance in undisturbed cores. The different families of 
enrichment opportunists encountered (Rhabditidae, Panagrolaimidae and Diplogasteridae) 
all responded differently to reinoculation and incubation conditions depending on core 
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type. Rhabditidae strongly decreased in abundance in both control and reinoculated 
disturbed cores compared to the initial conditions. In undisturbed cores they remained 
more strongly present in the controls only, although this was not significant. 
Panagrolaimidae in disturbed cores also decreased in abundance with time and due to 
reinoculation, while in undisturbed cores they maintained a more stable but low presence. 
Diplogasteridae on the other hand increased in abundance due to reinoculation in disturbed 
cores by a factor of 10 compared to control cores, although their abundance had decreased 
by about 50% after 82 days. Reinoculation in undisturbed cores did not significantly affect 
Diplogasteridae, although their abundance after 5 days increased several fold in some cores. 
The high variability reported for several of the nematode taxa (see magnitude of standard 
errors compared to that of the mean in Table 5.2) was due to diverging population 
developments in individual cores. Among both undisturbed and disturbed reinoculated 
cores, only some showed a substantial increase in Diplogasteridae by the end of the 
experiment, while in other cores they were hardly detectable (individual core data not 
shown). Overall, Rhabditidae were negatively correlated with Diplogasteridae after 5 days of 
incubation (R=0.65, p=0.023) but not at the end of the experiment. The abundances of 
bacterivorous nematodes were only correlated with Cmic after 5 days of incubation when 
microbial biomass was at its highest. In undisturbed cores, the total abundance of c-p 1 
bacterivores was correlated with Cmic (R=0.60, p=0.039). In disturbed cores, the abundance 
of Rhabditidae was correlated with Cmic in control cores only (R=0.75, p=0.005). Overall, 
Panagrolaimidae were weakly positively correlated with Cmic (R=0.62, p=0.032), while 
Diplogasteridae were negatively correlated with Cmic (R=−0.74, p=0.006) due to their low 
presence at the beginning of the experiment. 
Dauer larvae were aggregated irrespective of the family to which they belonged, and 
were present in proportions of 13-30 % compared to 6-13 % for the sum of the active 
enrichment opportunists. In disturbed cores their abundance did not significantly vary 
between the different treatments, but was greatest in reinoculated cores after 5 days. In 
undisturbed cores both reinoculation and time significantly affected the abundance of dauer 
larvae: they were less abundant in reinoculated cores and had decreased by about half in 
both treatments (Table 5.2). Dauer larvae were positively correlated to the sum of all c-p 1 
bacterivores in undisturbed (R=0.75, p=0.005) and reinoculated cores (R=0.81, p=0.001), and 
also with Cmic (R=0.76, p=0.005) in undisturbed cores only. In reinoculated cores dauer 
Nematodes and N mineralisation in unamended soil 
 
147 
 
larvae were positively correlated with Diplogasteridae (R=0.83, p=0.001) and negatively 
correlated with Panagrolaimidae (R=−0.74, p=0.006). 
Omnivorous dorylaimid nematodes primarily consisted of individuals from the families 
Qudsianematidae and Aporcelaimidae and occurred in proportions of 1-4 %. Reinoculation 
only had a positively significant effect on omnivores in disturbed cores, being twice as 
abundant as at the initial sampling. Omnivore abundance in undisturbed cores was 
comparable between the control and reinoculated treatments. Numbers for individual 
families were too low for statistical analysis, but seem to indicate that Aporcelaimidae in 
particular responded positively to incubation conditions and reinoculation (Table 5.2). 
The percentage compositions of the nematode communities were used to calculate 
maturity and other community indices. The maturity index (MI) increased with incubation 
time in the disturbed cores only due to an increase in the proportion of omnivorous 
nematodes with c-p values of 4 and 5 (Table 5.3). The MI 2-5 did not display any significant 
trend. The plant-parasitic index (PPI) decreased with time in undisturbed cores only, 
reflecting the near-disappearance of Trichodorus (c-p 5) after 82 days of incubation (not 
shown in Table 2 due to low abundance). The enrichment index (EI) in disturbed cores was 
significantly higher in the reinoculated compared to the control treatment; in undisturbed 
cores there was no consistent response. The generally increased EI in reinoculated cores 
was brought about by a greater proportion of c-p 1 bacterivores (17.77 ± 3.21 % in 
reinoculated cores versus 9.99 ± 1.55 % in the control cores, p=0.007 – data not shown). The 
structure index (SI) tended to be higher in reinoculated cores (no significant effects) due to a 
greater proportion of omnivorous nematodes. The basal index (BI) and channel index (CI) 
were both significantly lower following reinoculation in disturbed cores, due to a lower 
proportion of fungivores in reinoculated cores compared to controls (6.27 ± 1.07 % and 
10.27 ± 0.91 % respectively excluding Tylenchidae, p=0.023 – data not shown). 
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Table 5.3. Nematode maturity and community indices and results of split-plot (by core type) two-way 
ANOVA analysis for the factors gamma and time. Where the interaction of these factors was non-significant, 
the analysis was repeated without the interaction effect in the model. 
 
  Maturity Indices Community Indices 
Factors  MI MI 2-5 PPI EI SI BI CI 
Disturbed        
Control 0 1.79 (0.06) 2.17 (0.02) 2.61 (0.03) 78.6 (1.4) 21.2 (3.0) 20.2 (1.3) 15.7 (3.2) 
 5 1.98 (0.06) 2.25 (0.05) 2.51 (0.06) 77.5 (1.1) 27.8 (5.2) 20.7 (1.3) 27.3 (5.8) 
 82 2.02 (0.05) 2.24 (0.14) 2.57 (0.08) 70.1 (5.9) 22.5 (9.6) 28.0 (6.1) 37.9 (2.2) 
         
Reinoculated 5 1.91 (0.10) 2.28 (0.03) 2.64 (0.02) 81.3 (3.3) 33.9 (4.1) 17.0 (3.0) 16.0 (7.8) 
 82 1.94 (0.30) 2.42 (0.15) 2.57 (0.06) 84.6 (3.3) 42.3 (9.7) 14.0 (3.2) 10.0 (1.7) 
        
P (gamma) 0.236 0.287 0.299 0.030 0.087 0.033 0.003 
P (time) 0.042 0.627 0.611 0.502 0.876 0.558 0.061 
P (gamma x time) ns Ns ns ns ns Ns Ns 
Undisturbed         
Control 5 1.88 (0.16) 2.22 (0.02) 2.71 (0.04) 78.2 (4.9) 27.8 (1.7) 20.0 (4.3) 20.8 (8.3) 
 82 2.05 (0.08) 2.26 (0.08) 2.47 (0.05) 78.4 (0.4) 30.5 (6.6) 19.7 (0.4) 27.9 (4.0) 
         
Reinoculated 5 1.95 (0.19) 2.45 (0.06) 2.83 (0.07) 86.4 (2.0) 45.6 (3.1) 12.2 (1.6) 15.6 (9.3) 
 82 2.12 (0.09) 2.31 (0.09) 2.56 (0.08) 76.3 (3.6) 33.9 (7.6) 21.4 (3.7) 30.8 (6.9) 
         
P (gamma) 0.604 0.082 0.108 0.404 0.088 0.364 0.877 
P (time) 0.233 0.483 0.002 0.186 0.439 0.198 0.152 
P (gamma x time) ns Ns ns ns ns Ns Ns 
         
 
 
5.3.4 Mineral nitrogen 
Nitrate and ammonium concentrations were not grouped for analysis due to the effect 
of irradiation on ammonium release. For disturbed cores the factors gamma and time had a 
highly significant effect on nitrate concentrations (p<0.001) and their interaction was also 
significant (p=0.023). In undisturbed cores time and gamma also had a significant effect 
(p<0.001 and p=0.017 respectively) but their interaction was not significant (Figure 5.5). 
Fitting a simple linear model over the 72-day period between the first and last samplings, 
nitrate concentrations in disturbed cores increased at average rates of 0.247, 0.221 and 
0.286 μg N g-1 dry soil day-1 in control, defaunated and reinoculated cores respectively. In 
undisturbed cores these rates were 0.167, 0.156 and 0.325 μg N g-1 dry soil day-1 
respectively. These greater calculated mineralisation rates in reinoculated cores were due to 
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significantly higher nitrate concentrations at the last sampling date. In undisturbed cores 
irradiated soil had marginally higher concentrations than the control from the start, but it 
was not until the last sampling that reinoculated cores contained almost twice as much 
nitrate than control and non-inoculated cores (Fig. 5.5a). In disturbed cores considerably 
more nitrate was formed in the control and non-inoculated samples, meaning the 
reinoculated cores contained only ca. 20% more nitrate by the end of the experiment (Fig. 
5.5b). 
The effect of incubation time and gamma on ammonium concentrations could not be 
tested statistically using ANOVA due to highly unequal variances between control and 
irradiated cores, even after log transformation (Fig. 5.6). Irradiation caused an increased 
release of ammonium, which was much more pronounced in undisturbed cores where 
concentrations reached similar levels to those of nitrate. In disturbed cores, ammonium 
concentrations reached a plateau after 53 days around 10 μg N g-1 dry soil; due to nematode 
reinoculation this amount decreased to about 50% of that level by the end of the 
experiment (Fig. 5.6b). In undisturbed cores, levels in reinoculated soil similarly decreased 
to about 10 μg N g-1 dry soil or 70% of those in non-inoculated soil, but only after a strong 
decrease from a maximum around 25 μg N g-1 dry soil at 53 days of incubation (Fig. 5.6a). 
The net effect of nematode addition on mineral N was calculated by subtracting mean 
concentrations of nitrate or ammonium in defaunated cores from those in the reinoculated 
cores at the initial and final sampling dates (5 and 82 days respectively). The balance is 
expressed as the difference between the final and initial date. For nitrate the balance was 
13 μg N g-1 dry soil in undisturbed cores and 5 μg N g-1 dry soil in disturbed cores. For 
ammonium the balance was −9 μg N g-1 dry soil in undisturbed cores and −5 μg N g-1 dry soil 
in disturbed cores. Thus in terms of total mineral nitrogen over the entire incubation period, 
the presence of nematodes caused a positive balance of only 4 μg N g-1 dry soil in 
undisturbed cores, and no difference at all in disturbed cores. 
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Figure 5.5. Nitrate concentrations in undisturbed (a) and disturbed (b) soil cores. 
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Figure 5.6. Ammonium concentrations in undisturbed (a) and disturbed (b) soil cores. 
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5.4 Discussion 
 
5.4.1 Microbial biomass carbon and microbial community structure 
The aim of this experiment was not to increase or necessarily sustain a high microbial 
biomass, but rather to investigate whether mixing and disturbing soil for microcosm 
preparation, gamma irradiating soil to remove soil fauna, and reinoculating irradiated soil 
with nematodes resulted in a modified microbial biomass. Steady state microbial of faunal 
biomasses allows a more reliable assessment of trophic effects on nutrient dynamics (Hunt 
et al., 1987). Nevertheless, incubation conditions and the probable rapid consumption of 
any easily available resources combined to decrease the Cmic so strongly. While irradiation 
clearly reduced Cmic, the difference in mean values is far smaller than commonly occurs 
between treatments and sampling times in numerous experiments (e.g. Djigal et al., 2004). 
The decrease in Cmic caused by a 5 kGy irradiation dose is considerably smaller than losses 
reported for the effect of fumigation on microbial biomass (Kemmitt et al., 2008). 
Reinoculation of nematodes negatively affected Cmic at the beginning of the incubation 
in disturbed cores but was not detectable in undisturbed cores. Previous incubation 
experiments have reported the effects of nematode grazers on microbial biomass to range 
from positive (Bardgett et al., 1998; Standing et al., 2006) to negative (Mikola and Setälä, 
1999; Djigal et al., 2004); while others report little or no effect (Mikola, 1998a; Villenave et 
al., 2004). Given that greatly differing conditions were used in these different studies, we 
can hardly expect to find a single generalised conclusion concerning the impact of nematode 
grazing on microbial biomass. Fu et al. (2005) demonstrated the positive feedback effect of 
nematodes on bacterial biomass and activity is very much density-dependent, however only 
two nematode species and a single bacterium were used in their study. In the disturbed 
cores in this experiment, in which both the soil pore network and the distribution of bio-
available organic matter and microbial communities is likely to have been more 
homogenous, nematodes may have been brought into closer contact with their prey. In 
contrast, in undisturbed cores, microbial communities may have been enclosed with existing 
aggregates separated by larger pores and therefore not accessible to reinoculated 
nematodes. Such a mechanism is analogous to the enclosure hypothesis proposed by Neher 
et al. (1999) and Savin et al. (2001) to explain differing nematode population developments 
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at different matric potentials. Given we found surprisingly few microcosm experiments 
involving soil fauna where the soil microbial biomass was estimated by the fumigation-
extraction method, we are hesitant to attribute the significantly higher microbial biomass in 
reinoculated undisturbed cores to microbial stimulation by nematode grazing.  
 
5.4.2 PLFA profiles 
Several mechanisms associated with the methodology we used may have caused 
changes in the structure of the microbial community.  Microbial taxa may differ in their 
sensitivity to low-dose irradiation, and some microbes may subsequently benefit from 
reduced competition and increase in abundance (McNamara et al., 2007). Irradiation also 
caused a 55% to 75% increase in the concentration of soluble organic carbon extracted 
during the determination of microbial biomass (data not shown) and induced abiotic 
nitrogen mineralisation, thereby providing a greater pool of easily accessible organic matter 
sources for micro-organisms (Marschner and Bredow, 2002, Kemitt et al., 2008). Our PLFA 
results were not able to detect any significant changes in microbial community structure 
other than a general decrease in most microbial markers throughout the incubation periods, 
especially in disturbed cores. The PLFA profiles suggest that fungi may be more sensitive to 
an irradiation dose of 5 kGy than bacteria, a general tendency reported by McNamara et al. 
(2003) and Buchan et al. (2012). Furthermore, in disturbed cores Gram-positive bacteria and 
actinomycetes appear to have been negatively affected by the irradiation process. This was 
surprising given the radiation tolerances of these taxa were expected to lie much higher 
than 5 kGy based on the data reported by McNamara et al. (2003). The lack of significant 
differences in undisturbed cores suggests the mixing of soil might render physically occluded 
microorganisms more susceptible to irradiation. 
The concentrations of PLFA biomarkers did not correlate very strongly with Cmic (data 
not shown), in contrast to the confirmed relationship derived from compiled data across 
ecosystem types (Bailey et al., 2002). It is known that in biologically suppressed soil, PLFAs 
of microbial origin persist even in the absence of any detectable microbial biomass 
(Ranneklev and Baath, 2003; Buchan et al., 2012). PLFA analysis has been suggested to be 
more suited to track changes in the composition of the microbial community in experiments 
where organic amendments are added to soil than in those where the soil biota is 
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suppressed (Frostegard et al., 2011). We measured a relatively narrow range of PLFA 
concentrations compared to other studies (see Bailey et al., 2002), which may also explain 
the lack of a significant correlation between PLFA concentration and Cmic. 
Generally, we were not able to detect any effects of nematode grazing or its absence 
on the composition of the microbial community as revealed by the multivariate analysis of 
PLFA profiles. Although PLFA profiles tend to give a more coarse level of resolution of 
microbial diversity compared to what can be achieved by other methods such as DGGE 
(Djigal et al., 2004), Griffiths et al. (1999b) did detect change in the microbial structure 
based on PLFA analysis as well as DGGE and Biolog analyses. It is possible that in the 
presence of a greater diversity of microbivorous nematodes in our study, a wider range of 
microbes was grazed upon, as opposed to a pronounced reduction in a narrow range of 
microbes by a single or small number of nematode species in most studies. The lack of 
change in the concentration of bacterial biomarkers in the presence of bacterivorous 
nematodes may also be explained by supplemental growth stimulated by either the 
availability of new organic matter sources from recently deceased organisms, or by an 
extended habitat due to decreased competition from fungi. The apparent decrease in the 
biomass of fungi is most probably due to their greater sensitivity to gamma irradiation, after 
which fungal PLFA biomarkers may have been additionally degraded by bacteria. Compiled 
data from the literature (McNamara et al., 2003) suggests that the threshold of gamma 
irradiation resistance  for fungi lies around 8-10 kGy, however the studies cited did not 
include any which made use of PLFAs as a proxy for the biomass of fungi. A meta-analysis of 
the most reliable methods available to estimate the contribution of fungi to soil microbial 
biomass (Joergensen and Wichern, 2008) convincingly demonstrated that the biomass of 
physiologically active fungi is best estimated using PLFA biomarkers. When using a partial 
sterilisation technique such as gamma irradiation, it is perhaps even more crucial to base 
estimation of fungal biomass on a sensitive indicator. Even so, it is probable that PLFA 
biomarkers incorrectly estimate the change in biomass of several if not most microbial taxa 
in soil subjected to gamma irradiation. 
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5.4.3 Nematode population dynamics 
 
Irradiation and extraction efficiency:  
The zonal centrifuge extraction method we employed did not segregate between 
living and dead nematodes, thus nematodes were also extracted from defaunated cores 
throughout the duration of the experiment, although their abundance gradually decreased 
as they were presumably decomposed. A previous study had already indicated that 
nematodes extracted from the defaunated microcosms were indeed immobile, dead and 
devoid of inner body parts (Buchan et al., 2012). In this study it was also observed during 
counting that more than 90% of the nematodes in the defaunated cores were not moving, 
while in reinoculated cores at least 60-70 % of the nematodes were clearly mobile. If we 
assume that irradiated nematodes were decomposed to an equal extent in defaunated and 
reinoculated microcosms, then by the end of the experiment the abundance of living 
nematodes in the reinoculated microcosms would be ca. 10 individuals g-1 soil, compared to 
20 individuals g-1 soil in the control cores, resulting in a final 50% inoculation efficiency. 
Although considerably lower than the intended efficiency of 70%, we purposefully chose to 
err on the side of caution, as over-inoculating the defaunated cores might have resulted in 
over-grazing of microbial biomass and unrealistically high mineralisation rates. Although 
actual populations in reinoculated cores were only half the size of that in control cores, 
similar abundances have been reported from several other incubation experiments (Ferris 
et al., 2004, Georgieva et al., 2005). Considering no nutrients were added to microcosms to 
stimulate microbial activity, the reinoculation procedure may be considered to have 
successfully established viable nematode populations in all cores, and would most probably 
result in similarly sized populations if given the opportunity to grow. 
The considerable percentage of unidentifiable nematodes in the re-inoculated cores at 
the beginning of the experiment corresponds to the numerous nematodes recently killed by 
gamma irradiation that were extracted by zonal centrifugation. The background level of ca. 
10% found in control cores and also in reinoculated cores by the end of the incubation 
probably reflects recently deceased nematodes or individuals otherwise degraded and 
thereby difficultly identified. The very high percentage observed in non-inoculated cores 
confirms that irradiated nematodes, although extracted together with viable living 
nematodes, are readily differentiated during standard microscopic identification. 
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Nematode community structure:  
Root-feeders and herbivorous nematodes persisted throughout the entire duration of 
the experiment, although they decreased by about a third in abundance in the reinoculated 
cores. While in most cores the majority of these were Tylenchidae, which may be regarded 
as fungivorous (see below), Cephalenchus, Pratylenchus and Dolichodoridae were still 
present at the end of the experiment. Although we found one other experiment where such 
a phenomenon was observed (Villenave et al., 2004), we can only speculate as to the reason 
of their persistence. Either they were able to survive by feeding on remaining root (hair) 
fragments in the soil or facultatively on fungal hyphae, or their thick cuticles were protected 
from microbial decomposition and the individuals observed were in fact already dead. In the 
latter case, we may ignore root-feeding nematodes in our discussion of nitrogen 
mineralisation. 
The abundance of fungivorous nematodes was correlated with the fungal PLFA 
biomarker in disturbed cores only (R=0.78, p=0.001), due in large part to Filenchus (R=0.52, 
p=0.048). When the Tylenchidea were collectively considered as root-feeders, the total 
abundance of root feeders was weakly correlated with the fungal biomarker (R=0.55, 
p=0.035), when removed no significant correlations were observed, while the Tylenchidea 
by themselves were positively correlated with the fungal biomarker (R=0.66, p=0.008 – 
disturbed cores only). These relationships strongly suggest that the majority of Tylenchidae 
genera other than Filenchus found in this study are capable of feeding on fungi. Despite the 
fact that several Filenchus species have convincingly been shown to be fungivorous (Okada 
and Kodota, 2003), a number of authors still entirely classify Tylenchidae as root-feeders 
(e.g. Zelenev et al., 2004; Blanc et al., 2006; Leroy et al., 2007). While the uncertainty of the 
feeding mechanisms of Tylenchidae as a whole is still acknowledged (Forge et al., 2003; 
Christensen et al, 2007), there is a growing tendency to consider them as being fungivorous 
(Wang et al., 2006; Sanchez-Moreno et al., 2010; Carillo et al., 2011). Until the urgent need 
to study the trophic preference Tylenchidae has been met (Yeates, 2003), it is probably 
most appropriate to consider to them as ‘facultative root feeders’ (Okada and Harada, 2007) 
and carefully note their dynamics separately in laboratory experiments. 
As reported in other studies (Laakso and Setälä, 1999, Mikola and Sulkava, 2001; Ferris 
et al., 2004; Leroy et al., 2009), the fungivorous nematodes Aphelenchus and 
Aphelenchoides were present in very low abundances compared to bacterivorous 
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nematodes. Their generally low abundance may explain a lack of correlation with fungal 
PLFA biomarkers, and it is doubtful that in a realistic microcosm experiment such as this 
one, they may have affected fungal biomass in any significant way. 
The numerical dominance of the bacterivorous Cephalobidae across numerous soil 
types is a well-established fact (Yeates, 2003) that reflects their adaptability to a wide range 
of environmental conditions. In the control cores, Cephalobidae appeared to remain more 
abundant in undisturbed than in disturbed soil. This could partly be explained by the 
sensitivity of several genera of Cephalobidae to disturbance (Fiscus and Neher, 2002). Given 
the low abundance of the enrichment opportunists and (known) fungivores in this 
experiment, it is likely that most microbial grazing and consequent nitrogen mineralisation 
was carried out by the ubiquitous Cephalobidae. The generally low Cmic limited the 
development of significant bacterivorous nematode populations and probably explains the 
lack of a strong effect of nematode addition on nitrogen mineralisation (see below). 
Our data suggest that in control cores Rhabditidae were able to make best use of the 
high microbial biomass at the beginning of the experiment. As the microbial biomass 
decreased due to a lack of organic resources, the abundance of Rhabditidae dropped by half 
to reach similar levels as in the reinoculated cores. Panagrolaimidae maintained a greater 
background presence in undisturbed cores, in which Diplogasteridae tended to be rare.  In 
contrast, Diplogasteridae greatly increased in abundance only in the reinoculated disturbed 
cores, in which Panagrolaimidae in turn were present in the lowest amounts. These 
relationships suggest that in all reinoculated cores Rhabditidae could not establish 
themselves to the same extent as in control cores, while Panagrolaimidae and 
Diplogasteridae were able to establish themselves better in undisturbed and disturbed cores 
respectively. These apparent shifts in the population structure of the enrichment 
opportunists could have been brought about either directly by differing abilities of these 
nematode taxa to survive the reinoculation process and adapt to changing physico-chemical 
conditions, or indirectly by shifts in community structure of the consumed bacterial 
populations due to microcosm preparation and irradiation. Due to high variability and 
overall low nematode abundances, our data is not a conclusive demonstration of inter-
specific effects between bacterivores belonging to a same trophic guild (sensu Brussaard, 
1998). However, given the commonly employed ecological indices based on the coloniser-
persister classification (Bongers, 1990; 1999) group all c-p 1 bacterivores into a single 
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functional group, the possibility of such interactions occurring in microcosm conditions 
certainly warrants further study as well as caution with the interpretation of these indices. 
Despite these overall trends, populations sometimes appeared to develop erratically in 
individual cores. Unexplainable variability in the occurrence of these families taxa of 
bacterivorous nematodes and their dauer larvae forms has been noted before (Griffiths, 
1994) and may be due to chaotic population dynamics of isolated nematode populations in 
individual and separate soil microcosms (Sohlenius, 1993). The high proportion of dauer 
larvae versus that of their active counterparts confirms the pattern of Cmic, indicating that 
conditions of nutrient limitation prevailed throughout the length of the experiment. 
As nematodes with a high c-p rank (sensu Bongers, 1990), (dorylamid) omnivores are 
usually the first to be affected by adverse environmental conditions and tend to be absent 
from strongly disturbed soil (Ferris et al., 2001). However Ettema and Bongers (1993) found 
Aporcelaimellus responded positively and rapidly to unicellular algal blooms, while Ferris et 
al. (2001) also reported an increase in the abundance of c-p 5 carnivores in defaunated soil. 
Their maintained or increased presence in this study indicates that stable populations were 
established during the incubation time frame and within the experimental conditions 
created. Few incubation experiments to date have attempted to include higher-level 
omnivorous and predatory nematodes in their design. Where nematodes other than the 
most commonly employed bacterivores and fungivores have been inoculated, species 
extinction has been reported (Mikola and Setälä, 1999; Laakso et al., 2000). If inoculations 
of single species prove to be unsuccessful for introducing higher-level predatory and 
omnivorous nematodes into controlled experiments, then a bulk inoculation technique as 
used in this study may be the only way to create a full-spectrum nematode community.  
Although our results do not permit us to assess whether omnivorous and predatory 
nematodes had an impact on the number of other nematodes, their increase in the 
reinoculated cores could explain the lower total nematode abundance compared to the 
control, as was found by Wardle et al. (1995). It is also possible that the lower abundance of 
omnivorous nematodes in control samples was due to the presence of higher predators 
such as mites, which despite not being sampled in this experiment, were never observed in 
any of the nematode extracts used to reinoculated  irradiated cores.  We did not verify the 
presence of microarthropods in the control cores but regularly detected both collembola 
and mites in the nematode extracts. Results from some food web models have shown 
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predation by predatory nematodes may affect the mineralisation potential of bacterivorous 
nematodes (de Ruiter et al., 1993). 
The maturity and community indices failed to fully describe the changes in the 
composition of the nematode community structure as discussed above. Aggregation of 
nematodes of different families with similar life histories classes into a single c-p class 
assumes they have equal responses to changing soil ecological conditions. Our data suggests 
this may especially not be the case for bacterivorous enrichment opportunists, which in 
agricultural soil are often the most dominant taxa (Neher, 2010). Inconsistencies between 
observed and predicted responses of nematode taxa following their prescribed c-p 
classification have been highlighted by Yeates (2003). On the other hand, Ferris et al. (2004) 
found that enrichment and channel indices were suitable predictors of mean yield and 
nitrogen mineralisation over an entire season in a field trial. The use of the maturity and 
associated indices is perhaps best used to compare soil nematode populations between 
different sites or agronomic management practices (Berkelmans et al., 2003). 
 
5.4.4 Nitrogen dynamics 
As expected, the irradiation procedure caused a flush of ammonium, however this was 
rather modest compared to those reported from other studies using other methods to 
sterilise or defaunate microcosms (e.g. Anderson et al., 1979; Mikola and Setälä, 1999). In 
disturbed cores, peak ammonium concentrations were considerably lower than in 
undisturbed cores, which may be due to a greater microbial re-assimilation as a result of 
mixing the soil (Woods et al., 1982). Alternatively, nitrifiers could have re-established 
themselves more effectively in disturbed than in undisturbed soil cores following irradiation, 
which is supported by the generally greater nitrate concentrations in disturbed cores. While 
incubation studies involving only selected heterotrophic bacteria have mostly only 
considered the effect of nematode grazing on ammonium concentrations (Anderson and 
Coleman, 1981; Ingham et al., 1985), in our case the presence of autotrophic nitrifiers 
invalidates such an approach. In both core types, nematode reinoculation clearly resulted in 
a reduction of ammonium levels and an increase of nitrate levels, suggesting nematode 
microbial grazers stimulate the nitrifier community in soil. This was fist suggested by 
Grifftihs (1986) and subsequently demonstrated by Xiao et al. (2010) in a similar experiment 
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where sterile microcosm were inoculated with a bacterial suspension and entire nematode 
communities. 
The bulk of the evidence accumulated so far from microcosm experiments with 
limited species assemblages suggests microbial grazing by nematodes substantially 
increases total nitrogen mineralisation (Verhoef and Brussaard, 1990; Griffiths, 1994; Ferris 
et al., 1998). However our results do not indicate that the inclusion of nematodes in realistic 
microcosms results in greater total nitrogen mineralisation. However microbivorous 
nematodes appear to influence the abundance and activity of nitrifiers, and may thereby 
exert strong controls on the fate of plant-available forms of mineral nitrogen in agricultural 
soil.   
Although we were able to fully control the presence or absence of viable nematode 
populations, we did not consider the population dynamics of protozoa in response to 
irradiation and re-inoculation. Protozoa, due to their higher efficiency as bacterial grazers, 
have been shown to be the main contributor to nitrogen mineralisation amongst soil fauna 
(Hunt et al., 1987; Verhoef and Brussaard, 1990). Griffiths (1986) found that nematodes 
mineralized less when in presence of protozoa, due to the greater ability of protozoa to 
forage for bacteria in smaller pores. Although, we found no studies reporting the effect of 
gamma irradiation on entire protozoan communities in soil, Fuma et al. (2010) found that a 
species of ciliate in an aquatic microcosm was entirely eliminated in a matter of days 
following a 5 kGy irradiation dose, while two species of rotifer survived for several weeks. 
These results from an aquatic environment with a single species cannot possibly be 
extrapolated to soil, however it is likely that gamma-induced radiolysis for a given dose is far 
more extensive in a homogenous aqueous medium than in a highly heterogeneous and 
complex soil environment. Given that as a general rule the sensitivity to irradiation tends to 
be positively correlated with the complexity of an organism (McNamara et al., 2003), it is 
probable that at least a portion of the protozoan community survived irradiation in our 
study. If it is assumed that a viable population of protozoa survived irradiation, then the 
mineralisation observed in the ‘defaunated’ cores may be the result of protozoan grazing on 
bacteria rather than only mineralisation caused by primary consumers themselves. However 
in the present study we cannot assess the magnitude of this process, as it cannot be 
distinguished from abiotic mineralisation mechanisms resulting from gamma irradiation 
(Buchan et al., 2012) or mineralisation due to microbial turnover. The inclusion of 
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representative populations of protozoa in microcosm experiments and their reliable 
quantification alongside that of free-living nematodes is an acute research need, which 
needs to be addressed if we are to develop an in-depth understanding of the effect of 
microbial grazing on nitrogen dynamics. 
5.5 Conclusions 
 
This study demonstrated that defaunation by gamma irradiation followed by selective 
reinoculation of nematodes allows the preparation of microcosms whose microbial 
community and a component of higher soil biota more closely resemble those of the original 
soil than is characteristic of most experimental setups to date. Such an approach could be 
applied to other groups of soil fauna, although the possible bias of extraction and 
inoculation methods should be investigated beforehand. The methodology developed is 
equally applicable to undisturbed soil cores, making it attractive for experiments involving 
interactions between the soil pore space network and the soil biota. This is of potential 
significance, as our results clearly show that the preparation method of soil microcosms 
exerts a strong influence on nitrogen dynamics. 
The reinoculation of nematode populations into defaunated soil cores clearly affected 
the forms of mineral nitrogen but did not increase the total amount of nitrogen mineralised. 
Nitrate levels were increased at the expense of ammonium concentrations in reinoculated 
microcosms, suggesting a strong stimulation of the soil nitrifier community by nematode 
grazing. Different nematode taxa responded differently to incubation in disturbed and 
undisturbed cores. Moreover, nematodes tended to have a greater impact on nitrogen 
mineralisation in undisturbed than in disturbed cores. These findings imply the method of 
microcosm preparation is of significant importance for studying nutrient cycling in soil 
ecological experiments. 
Our results have two important implications: (1) using undisturbed cores instead of 
disturbed ones strongly determines the response of nitrogen mineralisation to defaunation 
and/or reinoculation practices; and (2) the removal and reinoculation of entire free-living 
nematode populations is perfectly possible while using undisturbed cores that preserve the 
original field habitat of soil organisms. 
 
Chapter 6: 
The effect of free-living nematodes on 
nitrogen mineralisation in amended cores 
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Abstract 
Based on food web modelling, it has often been suggested that the contribution of soil fauna 
to nitrogen mineralisation becomes more important the more limiting N is to the soil organisms 
(Huhta, 2007, Osler and Sommerkorn, 2007). However this has seldom been verified experimentally 
for free-living nematodes or with agricultural soil. We conducted an incubation experiment using 
control (CTR, sieved bulk soil), defaunated (DEFN, 5 kGy irradiation dose applied) and reinoculated 
cores (REIN, defaunated soil with entire nematode extracts added) supplied with organic materials 
spanning a range of C:N ratios and presumed N availability. Cores were either left unamended (UNA) 
or received lignin-rich low-N compost (COI), N-rich compost (COV), fresh manure (MAN) or chopped 
clover (CLO) added at the same N rate of 277 μg N g-1 dry soil. Cores were incubated at 18˚C at 
constant and optimal water content (50% WFPS) for a period of 3 months and sampled at 7, 21, 40, 
68 and 97 days. 
Nematode reinoculation was successful in establishing viable nematode populations that 
resembled those of CTR cores, however numerous taxa were negatively affected by the 
reinoculation procedure. Net nitrogen mineralisation followed the expected order 
CLO>MAN>COV>COI, reflecting increasing amendment C:N ratio, although considerable 
mineralisation of SOM-N in unamended soil meant that net mineralisation in compost-amended 
soils was often negative or close to nil. The irradiation treatment resulted in increased ammonium 
release and initial nitrification inhibition for most amendments. Supplemental nematode 
reinoculation caused in an increase in nitrification and in the calculated amount of amendment-N 
released in all treatments, however total mineral N concentrations did not differ between DEFN and 
REIN cores by the end of the experiment. Nematode-induced N mineralisation appeared to peak 
earliest in the amendments with the highest N availability, and later in N-limited amendments. 
The microbial biomass (Cmic) was variable but generally depressed by irradiation and even 
more so by reinoculation, indicating overgrazing by nematodes. Phospholipid fatty acid (PLFA) 
profiles indicated that the abundance of both bacteria and fungi were increased the most in the CLO 
and MAN treatments with the lowest C:N. Bacterivorous, fungivorous and omnivorous nematodes 
were also most abundant in CLO, suggesting the entire food web was positively stimulated by high N 
availability. These same trends were also observed in the PLFA and nematode profiles of REIN cores. 
The PLFA B:F ratio was significantly lower in CLO and MAN, in contrast with previously hypothesised 
relationships between bacterial:fungal dominance and litter biochemical properties. The supposition 
that the contribution of microbivorous nematodes to N mineralisation is lower in situations of high N 
availability was not supported by the data from this experiment. 
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6.1 Introduction 
 
In food web models, soil fauna have been shown to importantly contribute to N 
mineralisation, particularly under N-limiting conditions (Huhta, 2007; Osler and 
Sommerkorn, 2007). Others have proposed that the effect of nematode grazing on nitrogen 
mineralisation will be smallest at high substrate C:N ratios, as any mineralised N would be 
directly re-assimilated by N-limited microbes (Ferris et al., 1998, Laakso et al., 2000). While 
several experiments have demonstrated the ability of nematodes to enhance nitrogen 
mineralisation under highly controlled conditions (Chapter 2), the effect of variation in the 
availability of N to soil biota has been less commonly considered. We sought to examine the 
effect of an entire nematode community on nitrogen mineralisation in agricultural soil with 
a range of N availability. In order to appreciate the importance of soil fauna in nutrient 
cycling it is crucial to test ecological theories with organic matter inputs representative of 
field conditions. Most controlled microcosm experiments with simple food webs have made 
use of simple organic amendments such as glucose or cellulose supplemented with either 
mineral N or sometimes dried and ground alfalfa to provide additional N (see Chapter 2) 
Studies focusing on faunal-mediated nutrient dynamics in coniferous forest ecosystems 
often include forest litter or humus (Laakso et al., 2000; Liiri et al., 2002). We found no 
studies however where a range of materials with differing biochemical characteristics, and 
above all contrasting C:N ratios, were included side by side in an assessment of soil fauna to 
nitrogen mineralisation. 
We conducted an experiment analogous to that used in Chapter 5, using a range of 
organic amendments commonly used (in organic) agriculture, which differ in nitrogen 
contents, C:N ratios and hence expected nitrogen availability. We used fallow bare soil 
amended with a range of organic fertilising materials commonly used in organic agriculture: 
manure, composts, and incorporated clover. Mineralisation dynamics from manures and 
clover have been well studied previously but very rarely used as an amendment in 
controlled microcosm experiments involving soil fauna. Composts can vary greatly in their 
properties depending on the initial materials used and the specifics of the process used to 
obtain the final stabilised material. There is no such thing as standard average compost, and 
generalisations can rarely be made. We therefore chose to include two different composts, 
both locally available and made on a moderate to large scale following a precise production 
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process. Nitrogen availability was expected to increase in the following order: woody 
material compost < municipal organic waste compost < fresh dairy manure < freshly 
chopped clover, based on previously published studies (Agehera and Warncke, 2005; 
Calderón et al., 2005; Georgieva et al., 2005a; Morvan et al., 2006). An unamended control 
treatment was included in order to estimate the amount of N mineralised from SOM and to 
more accurately quantify the amount of amendment-N that was mineralised. The relative 
influence of nematodes on nitrogen mineralisation was expected to decrease in this same 
order according to recent ecological theory (Schimel and Bennett, 2004; Huhta, 2007; Osler 
and Sommerkorn, 2007). 
The main aim of the experiment was to investigate whether nematodes influenced 
nitrogen mineralisation, in unamended soil and over a range of materials with contrasting N 
availability. Secondary aims, related to the methodology employed, were to verify that 
nematode reinoculation into defaunated soil was successful and whether the microbial 
community in defaunated soil differed from non-irradiated soil. Finally, we examined the 
relationships between the dynamics of nitrogen mineralisation and microbial and nematode 
communities. 
 
6.2 Materials and Methods 
 
6.2.1 Soil sampling 
A large amount of bare, plant-free soil was collected in mid-September 2010 from an 
organic trial field under fallow that had been sown to red clover (Trifolium pratense L.) the 
spring of 2009. The field had received no other amendments since a 40 t ha-1 farmyard 
manure dose before the sowing of barley in spring 2008, and the clover had been mowed 
and harvested in August and October 2009. Due to poor establishment and sparse 
distribution of the clover, it was possible to collect bulk soil from the 0-15 cm depth layer 
from numerous patches of bare soil. Soil was sieved (4.6 mm mesh) to remove stones, plant 
roots and large particulate organic matter and then gently homogenised. During the 
preparation of the experimental treatments, soil was always kept covered in large plastic 
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boxes on the floor of a cool basement room at 15˚C to prevent any drying out (this was 
verified by monitoring the gravimetric moisture content).  
The same soil as for the previous experiments was used here. At sampling, the soil had 
a pH (KCl) of 5.51, bulk density of 1.60 ± 0.02 t m-3, an organic carbon content of 1.14%, 
total nitrogen content of 0.10% and C:N ratio of 11.9. Mineral nitrogen concentrations at 
sampling were low: 0.66 ± 0.10 μg NH4
+-N g-1 and 5.13 ± 0.56  μg NO3
--N g-1 (n=4 for all 
values). The gravimetric soil moisture content at sampling was 17.3 ± 0.2 % and had 
decreased to 16.5 ± 0.1 % by the time the cores were prepared.  
 
6.2.2 Amendments 
The yield of clover on adjacent plots where it was mowed and harvested was 3.31 ± 
0.71 t DM ha-1 (mean ± standard deviation, n=20). We chose to add clover as an amendment 
at a more conservative rate of 2 t DM ha-1, which given the N content of clover (Table 6.1) is 
equivalent to an N application rate of  126 kg N ha-1. All amendments were added so as to 
provide the same amount of N per core, which given the amount of soil added and the 
surface area of the cores (see below) corresponded to 45.99 mg N per core, or 277.05 μg N 
g-1 dry soil. Depending on the dry matter and nitrogen contents of the different 
amendments, this meant adding between 0.7 and 2.6 g dry matter and 2.6 and 5.6 fresh 
matter per core (Table 6.1). 
Fresh clover leaves and stalks were cut from the same plot as where the soil was 
sampled just before the start of the incubation experiment, chopped into 5 mm pieces and 
stored in sealed plastic bags at 4˚C. Fresh manure, excluding any straw, urine or bedding 
material, was collected from an experimental dairy stable at ILVO (Merelbeke, Flanders, 
Belgium), directly sealed and brought back to the lab, where it is was homogenised in a 
kitchen mixer and stored in sealed plastic boxes. A subsample of fresh manure was directly 
analysed for ammonium content by steam distillation (see below). We made use of two 
different types of compost: one produced outdoors from materials readily available on 
farms (ILVO compost), and one made from municipally collected organic wastes and 
processed indoors (VLACO compost). We considered these to be fairly representative of on-
farm produced compost and urban organic waste compost respectively. The ILVO compost 
was produced from organic materials typically available on farms, including manure, clover, 
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hay and various shredded green waste and wood chips. Materials were mixed and placed in 
windrows/rills, turned several times and kept covered in water-repellent but breathable 
fleece during composting (cf. Steel et al., 2012). The VLACO compost was produced in a 
controlled indoor industrial facility from municipally collected vegetable, fruit and garden 
(VFG) waste. These two different composts were chosen for their assumed differences in 
nitrogen contents and C:N ratios, which was confirmed by laboratory analyses (Table 6.1). 
Fresh subsamples of both composts were sieved (5 mm mesh) and stored in plastic bags at 
4˚C until core preparation. 
Subsamples of all amendments were oven-dried at 60˚C for 24 hours (or until constant 
mass was achieved). For each amendment, three replicates of ca. 200 mg were finely 
ground and analysed for total C and N contents (CNS Variomax elemental analyser, 
Germany) (Table 6.1). For both composts mineral N was determined by KCl extraction and 
the pH (1:5 amendment:KCl ratio) was determined for all amendments except clover. 
Further subsamples were oven-dried at 105˚C for 24 hours to correct all data for residual 
moisture (which ranged from 5 to 10 %). 
Separate measures of Kjeldah N in the fresh amendments prior to oven-drying gave 
similar results for all amendments except the fresh manure (data not shown). The content 
of ammonium-N in fresh manure was additionally measured (NH3 steam distillation method) 
and was 0.44 ± 0.02 % (DM basis, n=11). The average content of ammonium was added to 
the oven-dry N content measured for manure (3.30 ± 0.03 %) to give a total N content of 
3.74%, as it was assumed that all the ammonia present in the fresh manure was evaporated 
during oven-drying.   
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Table 6.1. Summary of amendment properties and loading rates (means ± standard error of 3 
replicates unless otherwise specified). 
 ILVO compost VLACO compost Fresh manure Chopped clover 
Chemical characteristics     
Dry Matter (%) 48.77 ± 0.20 61.73 ± 0.29 11.36 13.02 
Total C (% DM) 25.31 ± 0.70 26.02 ± 6.58 40.57 ± 0.54 46.23 ± 0.05 
Total N (% DM) 2.22 ± 0.03 2.90 ± 0.89 3.74 ± 0.05 6.29 ± 0.02 
C:N ratio 11.42 ± 0.18 9.14 ± 0.52 10.85 ± 0.14 7.36 ± 0.02 
pH (KCl) 7.64 ± 0.04 6.91 ± 0.01 7.3 ± 0.50 Nd 
NO3
--N (ug g-1 DM) 29.93 ± 1.56 15.50 ± 0.58 nd* Nd 
NH4
+(ug g-1 DM) 2.73 ± 0.32 232.15 ± 5.45 4,442 ± 239* Nd 
Loading rates     
DM per core (g) 2.09 1.59 1.39 0.73 
FM per core (g) 4.28 2.57 4.82 5.59 
DM field rate (t ha-1) 5.8 4.4 1.6 2.0 
FM field rate (t ha-1) 11.8 7.1 14.1 14.8 
     
 
6.2.2 Gamma irradiation and nematode extraction 
Soil destined to be gamma-irradiated was loosely placed in 21 large PVC cores (17 cm 
high x 12 cm diameter, or a volume of ca. 1.8 L), each of which was individually irradiated in 
the ‘GammaCell’ research unit (Sterigenics, Fleurus, Belgium – see previous chapters for 
details). For each compost, an entire PVC core was likewise filled; the manure had to be 
placed in a plastic bag for irradiation due to its high moisture content (Table 6.1).  A batch of 
freshly cut and chopped clover became highly degraded and resembled slurry following a 5 
kGy irradiation dose. Given that the freshly cut clover stalks and leaves were unlikely to 
contain any free-living nematodes, we chose to employ only non-irradiated clover to avoid a 
potential bias of irradiation on its biochemical properties. All irradiated materials were 
returned to the laboratory the day after irradiation and stored together with non-irradiated 
amendments at 4˚C until core preparation. 
In the mean time, nematodes were extracted from 150.0 g aliquots of mixed and 
sieved bulk soil using the zonal centrifuge as described previously (Hendrickx, 1995). 
Nematode extracts were rinsed several times over a 10 μm sieve with distilled water and 
then back-washed with several rinses of distilled water. Nematode extracts were capped 
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and kept at 4˚C for a maximum of three days. The aim of this procedure was to prepare 
inoculants that contained only distilled water and nematodes, with as few other 
microorganisms and as little dissolved or particulate organic matter as possible. 
 
6.2.3 Experimental setup 
Experimental units were prepared by filling pre-weighed PVC cores (7.5 cm high x 7.5 
cm diameter, capped on the underside) with 200.0 g fresh homogenised soil, packed to a 
bulk density of 1.30 g cm-3 (total N=300). One third (N=100) of all cores were filled with non-
irradiated soil (CTR), another third with irradiated soil (DEFN), and the last third with 
irradiated soil reinoculated with nematodes (REIN). Each fifth (N=60) of all cores received 
nothing (UNA) or the following amendments in amounts equivalent to a N application rate 
of 277.05 μg N g-1 dry soil (Table 6.1): ILVO compost (COI), VLACO compost (COV), fresh 
manure (MAN), or chopped clover (CLO). The gravimetric moisture content of all cores was 
brought to 21.6 %, equivalent to 55% of the water-filled pore space (WFPS). Amendments 
and distilled water (with or without nematodes) were gradually but thoroughly mixed with 
soil in a plastic bowl using a plain kitchen fork to avoid any smearing and reduction of 
porosity before packing them into cores. Nematodes were reinoculated by simply 
concentrating them (by gravity) into the amount of distilled water necessary to bring them 
to same moisture content as non-inoculated cores. Cores were covered with finely 
perforated parafilm fixed with an elastic band on the upper side to minimise evaporation 
but allow gas exchange. After being weighed all cores were incubated in the dark at 20˚C for 
a total of 97 days. All cores were removed in batches weekly to control for eventual 
moisture loss (by mass balance) and water was added in drops to correct for any moisture 
loss. 
 
6.2.4 Laboratory analyses 
At each sampling date (after 7, 21, 40, 68 and 97 days of incubation), four randomly 
chosen replicates from each treatment were destructively sampled (N=60 at each of five 
sampling times). All cores were analysed for moisture content, mineral N (as NO3
--N and 
NH4
+-N), and microbial biomass carbon (Cmic) using the same methods as described in 
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previous chapters. For all CTR and REIN cores (N=200), nematodes were extracted using the 
zonal centrifuge, rinsed with distilled water, then allowed to migrate through milk and 
cotton wool filters for 24h to selectively collect viable nematodes not affected by irradiation 
(see Chapter 4.2). Nematodes were collected in distilled water and concentrated into 10 ml 
for counting under a binocular microscope, after which they were fixed in 4 % formaldehyde 
heated to 70˚C. 
Mass slides with glycerine added were made for three randomly chosen replicates per 
treatment at the first (7days) and last (97 days) sampling dates for the determination of 
nematode community composition (N=60). Nematodes were identified to family/genus level 
(Bongers, 1988) until at least 100 free-living nematodes were found (on average 289 
nematodes were identified by slide). The abundances (individuals g-1 dry soil) and 
proportions (% of total) were calculated for individual families/genera and the following 
major trophic groups according to Yeates et al. (1993): root-feeders, fungivores (including 
Filenchus – cf. Chapters 3 and 5), bacterivores, carnivores, and omnivores. Dauer larvae and 
nematodes (presumably) degraded by gamma irradiation were also quantified. The same 
nematode community indices as used in previous chapters were calculated: MI, MI 2-5 and 
PPI (Bongers, 1990; 1999); EI, SI, BI and CI (Ferris et al., 2001; Ferris and Bongers, 2006). 
For the first and last sampling dates also, three replicates of each treatment were 
analysed for PLFAs (N=90); for the CTR and REIN treatments the same replicates as for 
nematode composition were used. In this experiment PLFAs were detected and quantified 
in single ion measurement (SIM) mode following the installation of a new column, meaning 
there were never any co-elution issues. Except for some minor additions (i14:0 and i19:0 for 
Gram-positive bacteria, 10Me17:0 for Actinomycetes), a second cy17:0 for Gram-negative 
bacteria), the same biomarkers as in previous chapters were used, with 18:2ω6 as sole 
indicator for saprophytic fungi. 
 
6.2.5 Calculations and statistical analyses 
For most data sets, the experimental design consisted of three factors replicated four 
times: gamma with 3 levels (CTR, DEFN and REIN), amendment with 5 levels (UNA, COI, 
COV, MAN and CLO) and time with also 5 levels (7, 20, 40, 68, 97 days on incubation). 
Nematode abundance and composition had only two levels for gamma (CTR and REIN), 
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while PLFA profiles and nematode composition both had only two levels for time (7 and 97 
days). Following verification of the equality of variances (Levene’s test) and log (X+1) 
transformation if necessary, each variable was analysed by full factorial 3-way ANOVA. 
Where the assumption of equality of variances could not be met and/or there were many 
significant interactions between factors, data sets were split by amendment and/or date 
and 2-way ANOVA analyses were carried out instead, depending on the variable (full details 
in Results section). Tukey’s Honest Significant Difference (HSD) posthoc test was used to 
check for significant differences between different amendment or gamma treatments. All 
variables, and in particular the combined nematode and PLFA data, were analysed for 
significant correlations (Pearson’s correlation coefficient). All statistical analyses were 
carried out using the statistical software SPSS 17.0 (SPSS Inc., Chicago, Illinois, USA). 
Net cumulative nitrification, amendment-derived ammonium release, and the total 
amount amendment N mineralised were calculated for all amended treatments following 
Chaves et al. (2006). These measures of net nitrogen mineralisation were calculated for 
each amendment at time t according to the difference method (at each t, Namend – Nctr) 
Given that gamma irradiation strongly influences nitrogen dynamics, calculations of net 
nitrogen mineralisation were carried out separately for each gamma treatment. As a 
measure of initial (t=0 days) mineral nitrogen contents was only available for the CTR-UNA 
treatment, the concentrations of mineral N measured at the first sampling (t=7 days) in all 
treatments were taken as the initial t0 values. The effect of defaunation by gamma 
irradiation on net nitrogen mineralisation was calculated by subtracting the mean value of N 
mineralised at time t in the CTR treatment from the equivalent values in the DEFN 
treatment for each given amendment. Similarly the effect of nematode reinoculation on net 
nitrogen mineralisation was calculated by subtracting the mean value at time t in the DEFN 
treatment from the equivalent value in the REIN treatment for each amendment separately. 
In this way the separate effects of the irradiation defaunation treatment and nematode 
reinoculation on nitrogen mineralisation could be compared between amendments. 
We hypothesised that total nitrogen mineralisation would increase in the order 
UNA<COI<COV<MAN<CLO, following the same trend as N concentrations and C:N ratios in 
the materials (Table 6.1). We expected Cmic, total nematode abundance and total PLFA 
concentration to follow the same trend, given the generally positive effect of greater 
bioavailability of N on soil biota. We furthermore wanted to investigate whether the relative 
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dominance of bacteria versus fungi in microbial communities corresponded with gradients 
in N availability (Strickland and Rousk, 2010), and whether this was reflected in the 
dynamics of bacterivorous and fungivorous nematodes. Regarding the effects of 
defaunation by gamma irradiation and nematode reinoculation into defaunated soil, we 
hypothesised that N mineralisation would increase in the order CTR<DEFN<REIN as a result 
of cell lysis due to irradiation and nematode-enhanced N mineralisation respectively. In 
particular, following the results of Chapter 5 and of Xiao et al. (2010), we expected NO3
--N 
to increase at the expense of NH4
+-N in REIN versus DEFN cores. To verify the relationship 
between faunal-induced mineralisation and N availability, we compared the net N 
mineralisation between amendments as influenced by nematode reinoculation. 
Additionally, we compared the Cmic and PLFA data between gamma treatments to verify 
whether both gamma irradiation and grazing by microbivorous nematodes changed the size 
and composition of the microbial community.  
6.3 Results 
 
Following initial water addition, the gravimetric moisture content remained more or 
less constant at 19.9 ± 0.5 % (mean ± standard deviation, n = 300) for the duration of the 
incubation. This was on average 1.7% lower than gravimetric moisture content aimed for 
(21.6%) and represents the average weekly loss of moisture by evaporation.  Except for the 
effect of gamma on total PLFA concentration, all factors and most of their interactions were 
highly significantly for all variables (Table 6.2). In addition, the assumption of equality of 
variances could never be verified, even after log-transformation of variables. This was 
mainly due to the high values encountered for CLO, and the associated higher variances (see 
detailed results below). In order to better identify significant trends, the data was split 
according to at least one factor and two-way ANOVAs carried out so that the equality of 
variances assumption could be verified (Levene’s test p>0.05) and so that the number of 
significant interactions between factors was minimal. Due to the high amounts of N 
mineralised in CLO and the intense biological activity it generated, we mostly split analyses 
by amendment, but for nematode indices and other proportion-based data by date (7 or 97 
days of incubation). Data sets were never split by gamma, meaning that the effects of 
gamma irradiation and nematode reinoculation were always statistically tested. 
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Table 6.2. Significance of 3-way ANOVA for the main variables, in original units (per g dry soil) and 
log-transformed. Depending on the variable, the factors gamma or time did not have the same 
number of levels (see text for details). 
 Factors 
Total min. N Nitrate-N Ammonium-N Cmic Total PLFAs Nematodes 
μg N g-1 log μg N g-1 log μg N g-1 log μg C g-1 Log nmol g-1 Log ind. g-1 Log 
Equal. of variances            
Levene’s test 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.029 
Main effects             
Amendment 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Gamma 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ns ns 0.000 0.000 
Time 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.001 0.000 0.000 
Interactions             
Amend. * Gamma 0.000 0.000 0.000 0.000 0.000 0.000 ns 0.001 ns ns 0.000 0.000 
Amend. * Time 0.000 ns 0.000 0.000 0.000 0.000 0.001 0.001 0.030 ns 0.000 0.001 
Gamma * Time ns 0.008 0.000 0.000 0.000 0.000 0.000 0.000 ns ns 0.007 0.000 
Amend.*Gamma*
Time 
ns 0.033 0.001 0.000 0.000 0.004 0.010 0.000 ns ns 0.020 0.001 
 
6.3.1 Mineral nitrogen 
Net nitrogen mineralisation occurred in all treatments, however in CLO more than 
twice the amount of N was mineralised than in the other treatments (Table 6.3, Figs 6.1 and 
6.2 – note different scales of Y axes for CLO). The concentration of total mineral N increased 
with time for all amendments (significant effect of time, Table 6.2). In the two compost-
amended treatments, the total amount of mineral N was significantly higher in the 
irradiated cores than in CTR, but there were never any significant differences between DEFN 
and REIN (Table 6.3).  
Effects of irradiation and reinoculation on the evolution of nitrate and ammonium 
concentrations over time were consistent across all materials applied: nematode 
reinoculation always resulted in greater NO3
- concentrations compared to DEFN cores (Fig. 
6.1), while NH4
+ concentrations in REIN cores decreased strongly to reach similar levels as in 
CTR cores (Fig. 6.2). However for CLO, mineral nitrogen levels were already very high at the 
first sampling, consisting predominantly of NO3
- in CTR and NH4
+ in the irradiated 
treatments (Figs 6.1 and 6.2). In UNA and COI, NO3
- concentrations in CTR and REIN cores 
were similar until 40 days of incubation, after which they became significantly higher in REIN 
than in CTR and DEFN (Table 6.4). In compost-amended soils nematode reinoculation 
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caused NO3
- concentrations to become significantly greater than in CTR and DEFN cores 
(which didn’t differ significantly from each other). In UNA, MAN and CLO, NO3
-  
concentrations in CTR and REIN cores did not differ from each other by the end of the 
experiment, but were always greater than in DEFN cores (Table 6.4, Fig. 6.1). 
Conversely the effect of nematode reinoculation on NH4
+ concentrations was 
pronounced and identical for all amendments: a strong decrease from the same level as in 
DEFN cores to the same low levels of CTR cores (Fig. 6.2). Ammonium concentrations in 
DEFN cores increased slightly in all treatments except CLO, where it dropped by about 50% 
to reach levels similar as in the DEFN treatments of other amendments. By the end of the 
experiment, the NH4
+ concentration did not differ between REIN and CTR in all amendments 
except CLO, where it was still 20 times lower in REIN than in DEFN (Table 6.4). 
 
Table 6.3. Means and standard errors of final total mineral N concentrations (NO3
--N + NH4
+-N, μg 
N g-1) after 97 days of incubation. Different lower case letters in a same row indicate a significant 
differences between gamma treatments, different upper case letters in a same column a 
significant difference between amendments (separate one-way ANOVA analyses, p<0.05). 
Amendment 
Gamma Treatment 
Control Defaunated Reinoculated 
Unamended 82.15 ± 11.85 A 95.23 ± 7.43 A 83.24 ± 5.83 A 
ILVO compost 76.28 ± 2.17 Aa 115.98 ± 7.21 Ab 115.25 ± 4.08 ABb 
VLACO compost 84.57 ± 8.64 Aa 127.72 ± 2.84 Ab 119.25 ± 7.30 Bb 
Fresh manure 101.78 ± 5.49 A 106.49 ± 7.13 A 109.39 ± 2.05 AB 
Chopped clover 237.75 ± 1.57 B 221.13 ± 2.82 B 226.71 ± 15.25 C 
 
 
Table 6.4. Final nitrate and ammonium concentrations (at 97 days of incubation, mean ± standard 
error). Different letters in a same column indicate significant differences in either nitrate-N or 
ammonium-N concentrations (one-way ANOVA, p<0.05). 
Gamma treatment UNA COI COV MAN CLO 
NO3
—N      
CTR 71.29 ± 7.80 ab 75.67 ± 2.19 a 84.14 ± 8.63 a 101.06 ± 5.52 b 237.21 ± 1.57 b 
DEFN 52.80 ± 4.85 a 80.00 ± 3.40 a 73.52 ± 6.77 a 64.24 ± 2.38 a 178.61  ± 14.49 a 
REIN 94.47 ± 7.51 b 115.09 ± 7.21 b 127.26 ± 2.82 b 99.88 ± 7.93 b 219.06 ± 3.55 b 
NH4
+-N      
CTR 0.37 ± 0.40 a 0.61 ± 0.06 a 0.43 ± 0.03 a 0.72 ± 0.09 a 0.54 ± 0.04 a 
DEFN 30.44 ± 1.06 b 35.25 ± 1.27 b 45.73 ± 3.59 b 45.15 ± 3.20 b 48.10 ± 2.83 c 
REIN 0.76 ± 0.10 a 0.89 ± 0.08 a 0.46 ± 0.02 a 6.61 ± 5.84 a 2.08 ± 1.02 b 
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Figure 6.1. Nitrate-N concentrations in non-amended soil (a) and soil amended with ILVO compost 
(b), VLACO compost (c), manure (d) and clover (e). Note the different scale of the Y axis for clover-
amended soil. 
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Figure 6.2. Ammonium-N concentrations in non-amended soil (a) and soil amended with ILVO 
compost (b), VLACO compost (c), manure (d) and clover (e). Note the different scale of the Y axis 
for clover-amended soil. 
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In terms of the total amount of N mineralised from amendments, irradiation had a net 
negative effect on CLO and MAN throughout the experiment (Fig. 6.3.A), but a 
predominantly positive one on COV. The effect of irradiation on N mineralised from COI was 
mostly negative and only positive (+15-20 μg N g-1) at the end of the incubation. Nematode 
reinoculation generally positively influenced the amount of amendment-N mineralised, but 
the effect was variable with time (Fig. 6.3.B). In CLO and COV the amount of N mineralised 
reached a maximum after 20 days, while in COI the maximum was at 68 days. For MAN the 
maximum was also reached after 68 days (7-8 μg N g-1), but otherwise nematode-induced 
mineralisation was negative or nil for MAN. 
 
 
 
 
Figure 6.3. Amount of amendment-N mineralised as affected by irradiation (A) or nematode 
reinoculation (B) (note different scales of Y axes).  
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6.3.3 Microbial biomass and microbial community composition 
Microbial biomass carbon showed a complex and variable response (Fig. 6.4): after 
splitting the data file by amendment, gamma and time always had highly significant effects 
on Cmic (p<0.001 in all cases) and the interaction of these two factors (gamma and time) was 
significant for all amendments except COV. For almost all combinations of gamma and 
amendment, Cmic was highest at day 21 and lowest at day 68. Furthermore, irradiated cores 
nearly always had a lower Cmic than the CTR cores. When split by date, REIN cores had a 
higher Cmic than DEFN cores after 7 days, while at the end of the experiment, the Cmic was 
lowest in REIN cores (all significant except for COV; Fig. 6.3). Only in REIN cores was Cmic 
positively correlated with NH4
+ (R=0.79, p<0.001), the fungal biomarker 18:2ω6 (R=0.55, 
p=0.001) as well as with the abundance of all nematode trophic groups, but never with total 
PLFA or any bacterial biomarkers.  
For all treatments except UNA and COV, the total PLFA concentration was significantly 
lower at the end than at the beginning of the experiment. All microbial biomarkers except 
that for Gram-negative bacteria were higher at the start of the incubation than at the end in 
at least one amendment treatment, but none of them in a consistent way. The total 
concentration of PLFAs was highest in CLO, in which it was significantly higher than in UNA 
and COV; in MAN and COI it was also significantly higher than in UNA (Table 6.5). Similar 
trends were observed for all biomarkers except that of Gram-positive bacteria, which was 
significantly higher in COI than in CTR, COV and MAN. The total concentration of PLFAs was 
positively correlated with total nematode abundance (R=0.55, p<0.001) and the abundances 
of bacterivores (R=0.54, p<0.001), fungivores (R=0.43, p=0.001) and omnivores (R=0.31, 
p=0.016) in particular. It was negatively correlated with the proportion of root-feeders 
(R=−0.32, p=0.013) and the Maturity Index (R=−0.33, p=0.010). The biomarkers for Gram-
positive and Gram-negative bacteria were both generally positively correlated with the 
abundance of bacterivores (R=0.34, p=0.008 and R=0.47, p<0.001 respectively). Except for a 
significantly higher concentration in CTR versus REIN cores for MAN, the biomarker for 
Actinomycetes was not significantly affected by other factors. The biomarker for protozoa 
was not significantly affected by any of the factors, but did occur in erratically high 
concentrations of the REIN cores of COV and CLO (Table 6.5). 
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The concentration of the fungal biomarker 18:2ω6 differed significantly between 
amendments in the following order: CTR < COI=COV=MAN < CLO and only decreased with 
incubation time in the latter two (Table 6.5). The biomarker for fungi was positively 
correlated with the abundance of fungivores (R=0.45, p<0.001) but even more strongly with 
that of bacterivores (R=0.67, p<0.001), and also with the abundance of omnivores (R=0.40, 
p=0.002). The proportion of root-feeders on the other hand was negatively correlated with 
the concentration of 18:2ω6 (R=−0.47, p<0.001). The fungal biomarker was also positively 
correlated with Cmic (R=0.30, p=0.004) and the concentrations of NH4
+ and CK2SO4 (R=0.50 
and 0.41 respectively, both p<0.001), and negatively with the MI (R=−0.50, p<0.001) and BI 
(R=−0.46, p<0.001). The biomarker for AMF 16:1ω5 was present in greater concentrations in 
COI and CLO than in UNA and COV, and was significantly greater in the CTR cores of all 
treatments except UNA. The biomarker for AMF was positively correlated with the 
abundance of bacterivores and omnivores (R=0.67 and 0.57 respectively, both p<0.001), but 
only in REIN.  
The B:F ratio did not differ between UNA and compost-amended cores but was lower 
in MAN and CLO. In both compost-amended cores, gamma also significantly affected the B:F 
ratio, it being generally decreased by irradiation. The B:F ratio was positively correlated with 
the proportion of fungivores (R=0.31, p=0.015). Only in CTR cores was the B:F ratio 
negatively correlated with the abundance of dauer larvae (R=−0.42, p=0.020), Rhabditidae 
(R=−0.46, p=0.010), Cephalobidae (R=−0.50, p=0.005) and omnivores as a whole (R=−0.64, 
p<0.001). 
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Figure 6.4. Microbial biomass carbon in non-amended soil (A) and soil amended with ILVO compost (B), 
VLACO compost (C), manure (D) and clover (E). 
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6.3.4 Nematode abundance and community structure 
The total abundance of nematodes following sieving followed similar dynamics in CTR 
and REIN cores for the respective amendments (Fig. 6.5). Nematodes degraded by gamma 
irradiation were removed from nematode extracts by the filtration process: no more than 
5% of identified nematodes in REIN cores were considered as having been morphologically 
degraded by gamma irradiation. Total nematode abundance was approximately 7 times 
higher in CLO than in all other treatments at the beginning of the experiment, but did not 
differ significantly between the other treatments. When split by amendment, nematode 
abundance was always significantly higher in CTR than in REIN (p<0.001 for all 
amendments). Nematode abundance did not differ significantly between sampling dates in 
COI, COV and MAN but significantly decreased with incubation time in UNA and CLO 
(p<0.001 for time in both treatments). In UNA, COV and MAN, there was a significant 
interaction between time and gamma, due to a stronger decrease in nematode abundance 
in REIN cores (Fig. 6.5). 
Root-feeding nematodes were the dominant trophic group (close to 60% on average) 
in all treatments except the MAN (37%) and CLO (9%). The abundance of root-feeders did 
not differ between amendments, but their relative proportion differed significantly in the 
order CTR=COI=COV > MAN > CLO (Table 6.6). Root-feeder abundance only decreased with 
time in CLO, and was only lower in REIN compared to CTR for UNA, COI and MAN. In all 
samples, Paratylenchus was by far the dominant taxon, sometimes constituting more than 
50% of all nematodes in individual samples. In UNA, COI and COV, Paratylenchus constituted 
approximately a third of all nematodes; in MAN and CLO cores the proportions were 
significantly lower (18% and 5% respectively). The overall proportion of Paratylenchus was 
even greater in REIN versus CTR (31% vs. 21%, p=0.007, 3-way ANOVA), however its 
absolute abundance did generally decrease with time. In contrast, the other root-feeders 
tended to decrease in abundance due to reinoculation or incubation conditions. Several 
species of Dolichodoridae (not further determined) constituted 14-18 % of the nematode 
assemblage in all treatments except CLO (3%). The proportion of Dolichodoridae was 
significantly reduced by the end of the incubation and in REIN cores (p=0.022 and p<0.001 
respectively, 3-way ANOVA). The abundance of Dolichodoridae did not differ between 
amendments but was almost twice as low in REIN cores overall, and also significantly lower 
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at the end of the incubation period (p<0.001 and p=0.001 respectively). The remaining 
consistently occurring root-feeder, Pratylenchus, was present in significantly higher 
proportions in UNA, COI and COV than in MAN and CLO, and generally lower in REIN cores 
also. The abundance of Pratylenchus did not differ significantly between amendments but 
was twice as low in REIN as in CTR and also significantly reduced by incubation duration 
(p<0.001 and p=0.031 respectively). Tylenchidae (excluding Filenchus) were present in 
higher proportions in MAN, the only treatment in which they did not decrease with time. 
Cephalenchus was present in higher proportions in UNA, COI and COV (1.8-2.1%) than in 
MAN (1.2%) or CLO (0.2%), and its abundance was 3 times higher in CTR than in REIN. 
Trichodorus and second-stage juveniles of Meloidogyn occurred sporadically (data not 
shown). 
The abundance of bacterivores in general was 10 times higher in CLO than in all other 
treatments, which did not differ significantly from each other (Table 6.6). Incubation time 
did not affect bacterivore abundance or proportion in any amendment. In COV, bacterivore 
abundance was almost three times lower in REIN compared to CTR, and the proportion of 
bacterivores was also lower. In contrast, in MAN, the proportion of bacterivores was 
significantly higher in REIN (Table 6.6). Bacterivores were principally represented by several 
species of Rhabditidae in CLO and MAN, while various Cephalobidae (mainly Cephalobus and 
Eucephalobus) were the most common bacterivores in compost-amended soils. Dauer 
larvae (almost exclusively Rhabditidae) were about 100 times more abundant in CLO than in 
other treatments, in which they constituted but a small part of the population (Table 6.6). 
Only in CLO were dauer larvae significantly more abundant in CTR cores and at day 7. 
Rhabditidae made up about 50% of the total nematode assemblage in CLO; followed by 
MAN (21%), UNA (9.2%), COV (4.6%) and COI (2.7%), the latter three of which did not 
significantly differ from each other (p<0.001). In CTR cores the proportion of Rhabditidae 
increased with time in CLO (34 to 47 %), COV (5.2 to 9.4 %) and UNA (3.4 to 6.9 %), while in 
REIN cores it did not increase but was comparatively higher at the beginning of the 
incubation in CLO (59%), CTR (24%) and MAN (31%). The abundance of Rhabditidae was 14-
100 times higher in CLO than in other treatments (120.9 ± 13.2 ind. g-1, followed by MAN 
with 8.5 ± 1.4 ind. g-1, and lowest in COI with 1.0 ± 0.2 ind. g-1). When split by amendment, 
reinoculation had a significant negative effect for COI and COV, and a significant positive 
effect for MAN (12.3 and 4.6 ind. g-1 in REIN and CTR cores respectively). The proportion of 
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Cephalobidae was significantly lower in CLO (7.3%) than in all other treatments (15.2-20.4 
%, p<0.001), and was also lower in REIN cores (12.8 ± 1.1 %, compared to 17.8 ± 1.2 % in 
CTR, p<0.001). However the abundance of Cephalobidae was highest in CLO (17.9 ind g-1) 
and not significantly different between other treatments (5.7-8.7 ind g-1, p<0.001). Overall 
the abundance of Cephalobidae was reduced by a factor of two by reinoculation (11.6 ± 1.2 
in CTR and 6.1 ± 0.9 in REIN, p<0.001). When split by amendment, reinoculation negatively 
affected the abundance of Cephalobidae in all treatments except COI (p=0.052). No overall 
effects were found for Panagrolaimidae (detected in 43.3% of all samples) or Plectus 
(detected in 51.7% of all samples). Plectus was always present in COV in low proportions but 
reached an abundance of 10.4 ind g-1 (or 43% of all nematodes in the sample) in one COI 
core. Diplogasteridae were detected in 60% of all samples, and consistently so in CLO. They 
were 10 times more abundant in CLO than in other treatments, but were reduced by a 
factor of 3 in REIN cores, and below the detection limit after 97 days in CLO. 
The proportion of fungivorous nematodes were about three times lower in CLO than 
in other treatments, however their abundance was three times higher (Table 6.6). In UNA 
and COI the abundance of fungivorous nematodes was significantly lower in REIN, while in 
COV both the abundance and proportion of fungivorous nematodes were lower in REIN 
cores and after 97 days. The proportion of the main fungivore Aphelenchus was lowest in 
CLO (1.35%) and highest in UNA (2.95%, only significant difference, p=0.043). Reinoculation 
(2.56% in CTR, 1.46% in REIN) and incubation time (2.52% at 7 days, 1.50% at 97 days) had 
significant effects on the proportion of Aphelenchus (p=0.002 and p=0.003 respectively). 
Aphelenchus was three times more abundant in CLO (3.7 ind. g-1) than in other treatments 
(0.6-1.3 ind. g-1, p=0.001). In all treatments except UNA, its abundance dropped by half by 
the end of the experiment, however reinoculation had no significant effect. Like other 
Tylenchidae, Filenchus occurred in greater proportions in MAN (0.99 %) than in CLO (0.14%); 
other amendments were intermediate (0.38-0.61%). Filenchus abundance was only 
negatively affected by reinoculation in UNA and COV. The proportion of the presumed 
fungivore Psilenchus (Bulluck et al., 2002) was strongly positively affected by reinoculation, 
on average increasing by a factor of 5 (p=0.012).  Although absent from CLO, the proportion 
of Psilenchus more than tripled with time in all other treatments except COV, especially in 
REIN cores (p=0.051). Its abundance was significantly higher in REIN than in CTR and 
increased with time too. Aphelenchoides was not detected in many samples, however its 
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proportion in MAN (0.59%) was higher than in COV (0.03%, p=0.023), while Diphterophora 
occurred sporadically, never in CLO but more commonly in COV. 
Predatory or carnivorous nematodes were absent from most cores and scarce if 
present. They consisted only of Seinura (which tended to be more common in CLO) and very 
occasional appearances of Discolaimus and Nygolaimus. 
The differences in the proportion and abundance (often more than 5%) of omnivores 
between CLO and the other treatments followed the same pattern as for fungivores (Table 
6.6). Omnivore abundance and proportion was about twice as low in REIN for all 
amendments except CLO, in which they did not differ. An undetermined species of 
Mesodorylaimus was consistently the dominant omnivore in all samples, but Nordidae, 
Ecumenicus, Eudorylaimus, Thonus, Microdorylaimus and Aporcelaimus were also regularly 
encountered in proportions generally below 0.5%. Mesodorylaimus abundance was highest 
in CLO (3.3 ind. g-1), intermediate in MAN (2.4 ind. g-1) and lowest in UNA, COI and COV (1.4-
1.5 ind. g-1). Its abundance was also significantly lower in REIN cores and after 97 days of 
incubation. Nordidae and Microdorylaimus were negatively affected by reinoculation, while 
the proportion of Ecumenicus tended to increase with time across amendments. Nordidae 
were absent from all CLO cores and Microdorylaimus only present in CLO control cores; on 
the other hand Aporcelaimus was only detected in the reinoculated CLO cores after 97 days 
(otherwise always present in other amendments). 
The abundance of root-feeders as a whole was correlated with the abundance of 
fungivores (R=0.47, p<0.001) and omnivores (R=0.57, p<0.001), but of all bacterivores only 
with the Cephalobidae (R=0.48, p<0.001). Many of the root-feeders were positively 
correlated with each other, however notably the abundance of the dominant root-feeder 
Paratylenchus was only weakly correlated with Cephalenchus (R=0.35, p=0.007). Fungivores 
were positively correlated with dauer larvae (R=0.57, p<0.001), bacterivores (R=0.66, 
p<0.001) and omnivores (R=0.46, p<0.001). Bacterivores were strongly correlated with the 
dauer larvae (R=0.81, p<0.001) and also with omnivores (R=0.51, p<0.001) and even 
carnivores (due to Seinura: R=0.52, p<0.001). Despite its low abundance, Seinura was also 
strongly correlated with dauer larvae and Diplogasteridae (R=0.71 and 0.89 respectively, 
both p<0.001). The abundance of omnivores was positively correlated with that of most 
other nematode taxa, but most strongly with the abundances of Dolichodoridae and 
Cephalobidae (R=0.70 and 0.69 respectively, both p<0.001). 
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Figure 6.5. Total (filtered) nematode abundance in unamended soil (a) and soil amended with ILVO compost 
(b), VLACO compost (c), manure (d) and clover (e). Note the different scale of the Y axis for clover-amended 
soil. 
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For the full (3-way) ANOVA analysis of the ecological indices for the nematode data, 
the factor time (7 vs. 97 days) was never significant, however the interactions between time 
and gamma (CTR vs. REIN) and between gamma and amendment were highly significant for 
the indices MI, EI, BI and CI (data not shown). Hence, the data set was split by time and 2-
way ANOVAs for gamma and amendment were carried out, following which the interaction 
effect was only significant in 3 out of 14 analyses (Table 6.7). The fact that all nematode 
indices are based on relative proportions furthermore allowed amendments to be 
compared with each other, and Levene’s test for the equality of variances could be satisfied 
for this set of variables. 
The PPI was significantly lower in REIN compared to CTR, due to the reduced presence 
of Trichodorus, a cp-4 herbivore, but it did not differ between amendments. The MI 2-5 did 
not differ significantly for any factors at any time, and the BI never due to reinoculation, 
while the SI was only significantly lower in REIN cores after 97 days. The MI and EI were 
respectively significantly lower and higher in REIN cores only at the beginning of the 
experiment, at the end there was a significant gamma x amendment interaction. The CI in 
REIN was significantly lower at 7 days (despite an interaction) and significantly higher at 97 
days than in CTR. 
CLO differed strongly from other amendments at both sampling dates by having the 
lowest MI, highest EI, and significantly lower BI and CI than UNA, COI and COV (Table 6.7). In 
MAN the EI was higher than in COI and COV at both dates, while at 97 days only the MI was 
lower than in UNA and COV. The BI and CI in MAN did not differ significantly from CLO but 
were lower than in COI above all, although UNA and COV also tended to have higher values. 
Although UNA, COI and CO never differed significantly from each other for any of the indices 
(Table 6.7), at 97 days the EI and SI tended to be lower and the BI and CI higher in COI and 
COV than in UNA. 
In general there were few significant correlations between nematode indices and 
other (non-nematode) variables, particularly for the PPI, MI 2-5, SI and CI. The MI was 
negatively correlated with total mineral N and the concentration of 18:2ω6 (R=−0.68 and 
−0.50 respectively, both p<0.001), while the reverse was true for the EI (R=0.47 and 0.49 
respectively, both p<0.001). In this experiment, the BI was negatively correlated with the EI 
(R=−0.91, p<0.001) and positively with the MI (R=0.58, p<0.001); the CI was also negatively 
correlated with the EI (R=−0.81, p<0.001). 
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Table 6.7. Nematode maturity and ecological indices (same abbreviations as Table 6.4), split by 
date. Significant interactions between the factors gamma and amendment are indicated by an 
asterisk; different letters in a given column indicate significant differences between either gamma 
or amendment treatments. 
Factors PPI MI MI 2-5 EI SI BI CI 
7 days         
Gamma 
CTR 2.53 ± 0.04b  2.23 ± 0.13b 2.67 ± 0.06 61.03 ± 5.09a 63.28 ± 3.02 21.03 ± 2.88 16.38 ± 3.42b 
REIN 2.33 ± 0.04a 1.86 ± 0.13a 2.50 ± 0.05 71.34 ± 5.70b 54.01 ± 3.15 18.88 ± 3.49 9.88 ± 2.87a 
        * 
Amend. 
UNA 2.42 ± 0.07 2.10 ± 0.21b 2.54 ± 0.09 60.23 ± 8.84ab 55.92 ± 5.47 24.35 ± 5.44bc 18.64 ± 7.38c 
COI 2.43 ± 0.05 2.39 ± 0.09b 2.61 ± 0.09 50.04 ± 2.64a 59.18 ± 6.08 28.20 ± 2.60bc 22.65 ± 3.79c 
COV 2.45 ± 0.07 2.35 ± 0.08b 2.59 ± 0.08 50.51 ± 4.89a 58.98 ± 4.99 28.79 ± 3.61c 17.50 ± 3.12bc 
MAN 2.46 ± 0.09 2.11 ± 0.24b 2.69 ± 0.15 74.22 ± 5.28b 61.81 ± 7.16 14.64 ± 1.98ab 5.89 ± 1.83ab 
CLO 2.40 ± 0.09 1.28 ± 0.04a 2.51 ± 0.05 95.94 ± 0.55c 57.35 ± 2.78 3.81 ± 0.48a 0.98 ± 0.23a 
97 days         
Gamma 
CTR 2.44 ± 0.03b 2.11 ± 0.12 2.63 ± 0.06 66.14 ± 5.02 61.36 ± 2.87b 19.48 ± 2.69 9.04 ± 1.88a 
REIN 2.30 ± 0.03a 2.00 ± 0.14 2.47 ± 0.07 54.03 ± 9.16 49.37 ± 4.82a 27.98 ± 5.87 28.68 ± 8.90b 
   *  *    
Amend. 
UNA 2.37 ± 0.05 2.41 ± 0.07c 2.73 ± 0.09 55.38 ± 7.05ab 65.38 ± 4.76 24.35 ± 5.44bc 15.73 ± 4.36ab 
COI 2.37 ± 0.06 2.44 ± 0.09c 2.57 ± 0.12 33.41 ± 8.85a 54.81 ± 10.02 38.78 ± 9.89c 42.38 ± 14.19b 
COV 2.30 ± 0.03 2.22 ± 0.09bc 2.50 ± 0.07 42.92 ± 11.58a 54.09 ± 3.68 33.46 ± 5.27bc 30.21 ± 14.58ab 
MAN 2.44 ± 0.05 1.98 ± 0.17b 2.54 ± 0.10 72.48 ± 6.38bc 55.92 ± 4.96 17.98 ± 2.76ab 5.47 ± 1.32a 
CLO 2.39 ± 0.06 1.23 ± 0.03a 2.42 ± 0.12 96.23 ± 0.40c 46.62 ± 7.71 3.62 ± 0.38a 0.50 ± 0.05a 
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6.4 Discussion 
 
6.4.1 Nitrogen mineralisation 
As expected, nitrogen mineralisation was greatest in CLO, however it was much lower 
than expected in MAN, possibly due to the loss of significant amounts of N through 
volatilisation during the core preparation phase.  Nitrogen mineralisation from unamended 
control cores was unexpectedly high, and indicates that a large pool of rather labile SOM 
was initially available in bulk soil. This could well have been the result from two seasons of 
clover growth as a green manure on this field. However the soil sampled for this experiment 
included no rhizosphere soil from any living or recently deceased plants, and very few 
(visible) root hairs were removed by sieving during the experimental setup. So if this 
relatively high basal SOM mineralisation was the result of organic enrichment by 
neighbouring clover plants, this was in the form of (former) exudates, very fine root hairs, or 
immobilised in microbial biomass. Given the Cmic measured at sampling (0 days) was about 
twice as high (but highly variable) than 7 days later in CTR-UNA (Fig. 6.4), it is highly 
probable that in the process of preparing cores for incubation a large amount of microbial 
biomass died and was available for subsequent mineralisation. 
Gamma irradiation tended to increase nitrogen mineralisation  for all amendments 
except for CLO. In both composts, irradiation resulted in an increase in total mineral 
nitrogen of about 50%, indicating that even for more stabilised forms of organic matter, 
irradiation induces chemical breakdown and affects its bioavailability. Only non-irradiated 
clover was used in this experiment, and no doubt gamma irradiation would have resulted in 
a greater nitrogen release, given the irradiated material had turned into a slimy sludge (the 
reason we didn’t use it). Irradiation strongly decreased the initial amount of NO3
- present, 
suggesting that nitrification was indeed suppressed by irradiation. However the NO3
- 
concentration in the REIN treatment increased so rapidly that by 68 days of incubation 
levels did not significantly differ from those in the CTR treatment of CLO. Clearly, nitrifying 
organisms recover relatively rapidly from a 5 kGy irradiation dose. 
Given the only difference between the DEFN and REIN treatments was the addition of 
nematodes in distilled water, it is assumed that all differences in mineralisation dynamics 
are a result of nematode activity (mainly grazing and predation). Nematode reinoculation 
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clearly stimulated nitrification in all amendments, leading to a decrease of ammonium 
concentrations back to ‘normal’ levels in soil, while in defaunated soil it remained high. This 
is in line with the suggested trend observed in Chapter 5, and also corroborates the findings 
of Xiao et al. (2010). Our results strongly support the hypothesis that increased nitrification 
was due to some form of bacterial stimulation (e.g. phoretic transport) rather than an 
increased supply of NH4
+, as in DEFN cores NH4
+ was in plentiful supply but no increased 
nitrification occurred. Our data suggests this is the main effect of free-living nematodes on 
nitrogen dynamics in agricultural soil, although nematodes also caused a temporary 
increase in nitrogen mineralisation, which was most rapid and most pronounced for 
amendments with relatively high nitrogen availability (chopped clover and the VLACO 
compost). 
By the end of the experiment, the distribution of mineral nitrogen profiles in REIN 
cores resembled those of CTR cores. This means that the soil food webs established in the 
REIN cores were functionally similar to those initially present. Enchytraeids were extracted 
along with nematodes in approximately equal amounts in CTR and REIN cores at the last two 
samplings (prior to that they were a lot less common in REIN cores). At the last sampling 
their abundance in CTR was 0.40 ± 0. 09 in CTR cores and 0.58 ± 0.21 in REIN cores (ind. g-1 
dry soil, means ± standard errors, n=15). Collembola were observed at sampling in 75% (day 
68) and 100% (day 97) of all CTR cores, and in 35% (68 days) and 40% (97 days) of all REIN 
cores. Similarly, fine biogenic casts were observed on the surface of 65% (68 days) and 85% 
(97 days) of all CTR cores, and only in 20% of all REIN cores after 97 days. Collembola and 
casts were never observed on the surfaces of DEFN cores, indicating they did not spread by 
contamination of neighbouring samples. One single earthworm was found emerging from its 
egg in a CLO CTR core after 97 days, the only difference this core had was a greater moisture 
loss than its peers. Although Collembola or other mesofauna were only very rarely 
encountered during nematode counting, they were obviously reinoculated along with 
nematodes in the REIN cores at very low densities. They took much longer to establish 
themselves compared to nematodes but no doubt made up an integral part of the soil food 
web by the end of the experiment, and probably exerting important influences on nitrogen 
cycling and nematode community dynamics (cf. Bardgett et al., 1998; Laakso et al., 2000; 
Lenoir et al., 2006). 
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Although very little literature exists concerning the radio-sensitivity of protozoa in soil, 
it is likely many survived the irradiation dose applied (Fuma et al., 2010). So the DEFN 
treatment probably consisted of a very simple food web involving bacteria, fungi and 
protozoa. The rapid increase in the amount of amendment N mineralised by the end of the 
experiment possibly corresponds to a re-establishment of protozoan populations in the 
absence of any predators. It has indeed been repeatedly shown that protozoa are 
responsible for considerably more fauna-induced nitrogen mineralisation than nematodes 
(Hunt et al., 1987, Griffiths, 1994). This may explain the apparent decrease in the amount of 
amendment N mineralised in REIN cores at the end of the experiment, as this calculation is 
based on the difference in mineral nitrogen levels between the two treatments. Although 
our experimental setup was designed to isolate the effect of nematode activity from other 
controls over nitrogen mineralisation, a strong influence of protozoa on nitrogen dynamics 
cannot be discounted. This once more calls for further experiments addressing the role of 
protozoa that play in the cycling of nitrogen through the soil food web in realistic microcosm 
experiments. 
Calculations of net nitrogen mineralisation in CTR cores indicated no extra N was 
mineralised in COI and COV compared to UNA, and that immobilisation may even have 
taken place. Net mineralisation occurred in MAN and CLO though, being 2-5 times greater in 
CLO than in MAN. While in MAN a steady level of mineralised nitrogen was reached early on 
in the experiment, it peaked in CLO and was lower at 97 days than at 68 days, suggesting 
massive immobilisation of mineralised N in microbial biomass and its grazers following a 
pulse of high nitrogen availability. 
In terms of the total amount of N mineralised in the different treatments, irradiation 
had an overall negative effect compared to CTR cores on CLO and MAN, while the effect on 
the composts was variable but in the end positive. Nematode reinoculation on the other 
hand appeared to positively influence the amount of N mineralised from amendments, with 
maximal mineralisation being greater and occurring earlier for the amendments with most 
bioavailable N (CLO and COV). A short-lived beneficial effect of nematodes on nitrogen 
mineralisation was also found by Ingham et al. (1985) in planted microcosms. Even if the 
effect is only temporary, its duration (a few months) is sufficient to account for the main 
period of plant N uptake for many annual crops, and is thus agronomically relevant. 
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The highly controlled incubation experiments by Ferris et al. (1998) showed that a 
number of common c-p 1 and c-p 2 bacterivores (but not all) mineralised more N when the 
substrate C:N ratio decreased. Laakso et al. (2000) demonstrated in complex multi-species 
microcosms that the effect of soil fauna on nitrogen mineralisation was greatest in N-
enriched conditions. Litterbag experiments with different litter materials and involving or 
excluding above all mesofauna (mites, enchytraeids and Collembola) have also found that 
the influence of soil fauna on N mineralisation was most pronounced for rapidly 
decomposing litters with  low C:N ratios such as clover (Schädler and Brandl, 2005; Carillo et 
al., 2011). Future research should aim to bridge the discrepancy between these 
experimental results and the predictions from C and N models taking account trophic 
relationships (Osler and Sommerkorn, 2007). More likely than not, soil food web theoretical 
models as discussed in Chapter 2 will have to be revised to account for the data yielded by 
controlled microcosm experiment such as the present one where soil fauna appear to be 
exert the greatest control on nitrogen mineralisation when substrate C:N is lowest and N 
most available. Indeed the basis of most soil food web models (Hunt et al., 1987) rests on 
the questionable assumption (due to the uncertainties involved in the determination of 
numerous of physiological parameters – see Chapter 2) that soil fauna influence nitrogen 
mineralisation most when N is limiting. Given agroecosystems are generally characterised by 
high N availability, the role that soil fauna in general play in nitrogen cycling could in fact be 
of greater importance for plant growth than has been assumed so far.    
 
6.4.2 Microbial biomass and PLFA profiles 
Microbial biomass carbon oscillated strongly throughout the experiment and was not 
well correlated with total PLFA concentration or nematode abundance. Unlike the PLFA 
data, the Cmic data did show that irradiation decreased microbial biomass in all 
amendments, while nematode reinoculation reduced it even further. In all amendments 
except COV, the Cmic in REIN cores was barely above the detection limit at the last sampling, 
indicating a strong overgrazing effect by microbivorous nematodes. This could be due to an 
absence of predatory and nematophagous microarthropods in the REIN cores to keep 
nematode populations in check, as has been shown in other incubation experiments (Mikola 
and Setälä, 1998; Lenoir et al., 2006). However most nematode taxa had not increased in 
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abundance in REIN cores by the end of the experiment. A more likely explanation is that the 
biomass and/or activity of bacteria and fungi was depressed by irradiation to a critical level 
from which it could not recover in the presence of nematode grazers (but did in their 
absence). However this hypothesis does not explain the significantly higher Cmic in REIN 
(compared to DEFN) at 7 days of incubation. Given the correlation between Cmic and the 
fungal biomarker in REIN cores, it is possible that above all fungi could not recover from the 
combined effects of irradiation and grazing. However the PLFA data does not support this as 
the biomarker for fungi did not differ in concentration between CTR, REIN and DEFN cores. 
Even if gamma irradiation did not change the composition of the microbial (bacterial) 
community, it most certainly did modify the resource base available to bacteria and fungi. 
The increase in CK2SO4 strongly suggests an increase in labile substrates, a pool of organic 
matter which strongly influences the extent to which net mineralisation by microorganisms 
occurs (Haynes, 2005). Also, Geisseler et al. (2010) showed that when large amounts of NH4
+ 
are available, this pool of N is preferentially used over NO3
- and organic molecules. So in 
irradiated and particularly defaunated cores, it should be expected that microorganisms 
made full use of this nutrient, which could explain the higher Cmic in DEFN compared to 
REIN. 
The total PLFA concentration did differ between amendments in an expected way, 
following the general order CLO > MAN=COI > COV = UNA. Most specific biomarkers 
followed this trend, although COI had the highest abundance of Gram-positive bacteria and 
as much AMF as CLO. All microbial taxa considered were more abundant in amended cores 
than in the UNA treatment, indicating the range of amendments used in this experiment 
‘co-stimulated’ a wide range of microbial groups. Surprisingly the composts did not have 
higher concentrations of the fungal biomarker, and instead CLO, with the lowest C:N ratio, 
had the highest concentration of fungi. The B:F ratio was significantly lower in CLO and 
MAN, indicating that these nitrogen-rich amendments preferentially stimulated fungi over 
bacteria compared to other treatments. These observations are in contrast with expected 
and measured trends (Frostegård and Bååth, 1996) in the relationship between litter or 
amendment biochemical properties and the relative dominance of bacteria. However 
Elfstrand et al. (2007b) also found that the incorporation of red clover increased bacterial 
and fungal biomass more than compost application, while mulching with red clover led to an 
increase in that of AMF. 
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Despite the fact that the ILVO compost was produced from more woody lignin-rich 
material and had a higher C:N ratio, the concentration of the fungal biomarker 18:2ω6 and 
the B:F ratio did not differ from the more nitrogen-rich VLACO compost. Instead, COI even 
had a higher concentration of Gram-positive bacteria than COV. Rousk and Bååth (2007) 
found that although fungal growth (acetate-in-ergosterol method) was greater in straw- 
than clover-amended soil, it was positively correlated with N addition, while bacterial 
growth (leucine/thymidine incorporation) wasn’t. The addition of materials rich in cellulose 
(and potentially lignin) in CLO might explain why fungi developed more prominently than in 
composts, in which most lignin and cellulose would have been decomposed already (by 
previous fungi). The incorporation method of amendments would not in any way have 
favoured the fungal growth form though (Beare et al., 1992), and the greater lignin-
degrading ability of fungi has recently even been put into question (Strickland and Rous, 
2010). Fungi and bacteria have been shown to overlap in their ability to degrade materials 
as different as alfalfa and straw, resulting in competition and antagonistic relationships 
(Rousk et al., 2008). 
Wardle (2002) hypothesised that the presence of soil fauna would favour the 
stimulation of bacterial activity rather than fungal activity, due to physical incorporation and 
fractionation (reduction of particle size) and ultimately excretion of amendments. Given 
both Collembola and Enchytraeida were found to be present in both CTR and REIN cores by 
the end of the incubation, we would expect the B:F ratio to be greater in these treatments 
than in DEFN. This was only true for COI, and in COV where the B:F of REIN and DEFN were 
both significantly lower than in CTR. In this experiment focussing on the absence or 
presence of free-living nematodes, such an effect does not appear to be of much 
importance in controlling bacterial:fungal dominance. 
The presence of mycorrhizal fungi in cores without plants is debatable (although they 
have been shown to be able to decompose OM, cf. Schimmel and Bennett, 2004; Strickland 
and Rousk, 2010), hence the biomarker for AMF stood out as being the only one which had 
a consistently lower concentration after 97 days of incubation in all amended treatments (it 
was anyway in UNA). If the PLFA 16:ω5 is representative of AMF abundance in soil, then the 
incubation conditions and absence of any growing roots caused the biomass of AMF to 
decrease substantially. 
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6.4.3 Nematode community structure 
In this experiment, an additional sieving step ensured that nematodes damaged by 
irradiation were not recovered along with viable (reinoculated) nematodes during 
extraction (see Chapters 4 and 5 for comparison). The reinoculation procedure was 
therefore successful in establishing nematode populations of a sufficient size in previously 
defaunated soil. Moreover, these populations maintained a stable size in REIN cores in all 
treatments except COV and MAN. Although nematode abundance was lower in REIN cores 
than in CTR cores, we purposefully avoided ‘over-inoculating’ cores as this might have 
resulted in an over-grazing effect (Huhta, 2007), which might have resulted in unrealistic 
mineralisation dynamics. The viability of the reinoculated nematode population was 
demonstrated by the high amounts of fungivores and bacterivores reached in the 
reinoculated CLO cores and the presence of Mesodorylaimus (a c-p 5 omnivore) in all other 
REIN treatments. Several taxa of root-feeders (Dolichodoridae, Pratylenchus, Cephalenchus), 
bacterivores (Rhabditidae – only in composts, Cephalobidae, Diplogasteridae – only in CLO), 
fungivores (Filenchus, Aphelenchus – both only in UNA and COV) and omnivores 
(Mesodorylaimus, Nordidae, Microdorylaimus) were significantly lower in reinoculated 
cores. Other taxa however were either not reduced or even increased by reinoculation 
(Paratylenchus, Panagrolaimidae – in MAN, Psilenchus and Ecumenicus). Even though 
reinoculation brought about some changes in the composition of nematode communities, 
the relative abundance of all trophic groups except root-feeders were similar to those of the 
control cores.   
The significant correlations between nematode taxa and PLFA biomarkers do suggest a 
number of logical trophic links, however there was a high degree of auto-correlation in this 
data set (N=60) due to the disproportionately greater abundance of all microbial and 
nematode taxa in the CLO treatment. Analogous with the PLFA data, CLO had both higher 
abundances of bacterivores and fungivores (as well as omnivores), while COI and COV did 
not have any higher abundances or proportions of fungivores. Thus the abundance of 
bacterivores but also fungivores and omnivores was positively correlated with total mineral 
nitrogen. 
Of all treatments, CLO was the only one in which the populations of bacterivores, 
fungivores and omnivores did not differ between CTR and REIN cores. In reinoculated MAN 
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cores the proportion of omnivores was lower but that of bacterivores higher. In the other 
three treatments omnivores and fungivores were lower in absolute and relative abundance 
in REIN cores. Perhaps the re-establishment of nematode populations following 
reinoculation was favoured by high nutrient availability sustaining higher microbial 
populations. Such an effect obviously creates a bias when comparing the relative influences 
of reinoculated nematodes on a range of amendments differing in their availability of N. 
The abundance of bacterivores, and particularly those of Rhabditidae and their dauer 
larvae correlated well with total mineral N. They became the dominant taxa in CLO, and an 
important one in MAN, but did not increase in abundance in compost-amended soils, and 
were even less abundant in COI than in UNA (COV was similar to UNA). Our data, and those 
of others (e.g. Zelenev et al., 2004) suggest that Rhabditidae and dauer larvae are sensitive 
indicators of decomposition processes, particularly when amendments of differing C:N 
ratios are being compared. 
Omnivores were correlated with most other nematode trophic groups and microbial 
PLFAs, suggesting they can and do indeed feed on a wide range of organisms. Such 
correlation were also found by Neher et al. (1999). The c-p 5 omnivore Mesodorylaimus was 
the main omnivore in all treatments and seemed to respond well to incubation conditions, 
although it did decrease in abundance with time in reinoculated cores. Its abundance was 
positively associated with greater concentrations of N and abundances of bacteria, fungi, 
total and particularly bacterivorous nematodes, dauer larvae and presumably also protozoa 
in the MAN and CLO treatments. So it is not possible from the present study to determine 
whether Mesodorylaimus preferentially fed on just one of these groups of organisms or a 
combination of any number of them. Unfortunately we could not find any similar 
experimental results for comparison.    
Although the abundance of root-feeders was reduced with time in a plant-free 
incubation and in reinoculated cores even more so, the root-hair feeder Paratylenchus 
remained present in high proportions in all treatments. High abundances of Paratylenchus 
were also found during the decomposition of organic amendments by Savkina et al. (1999), 
Leroy et al. (2009). Tu et al. (2003) found that inoculation of the plant-parasitic nematode 
Rotylenchus reniformis (which is of similar build to Paratylenchus) in small cotton plots 
resulted in a decrease in Cmic but an increase in Nmic and net nitrogen mineralisation, 
although this could have been entirely due to modification of the B:F ratio in the 
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rhizosphere (not measured). The potential important role of root-feeding nematodes on 
rhizosphere and microbial community dynamics, and hence on decomposition processes, 
has in general been overlooked. The persistence of Paratylenchus in this experiment brings 
into question its assumed feeding mechanism. Future research should investigate whether 
root-feeders and ecto-parasites in general are able to switch to other food sources in the 
absence of living roots, and what the implication of eventual ‘trophic plasticity’ is on 
nutrient mineralisation. 
Overall, the nematode assemblage of CLO cores was more enriched and less 
structured, or less mature, than other treatments due to a relatively lower occurrence of 
omnivores and higher occurrence of enrichment opportunists. The assemblage of 
nematodes in MAN was also relatively more enriched, particularly in REIN cores, due to a 
greater proportion of enrichment opportunists also.  As a result the MI and EI were both 
equally well correlated with total mineral N, a result that was also found by Ferris et al. 
(2004) in field plots. 
The nematode community indices gave a different picture of the effect of the 
amendments on the structure of soil food webs. Overall, compared to control soil, the two 
composts slightly increased the MI, decreased the EI, and had increased the BI and CI by the 
last sampling. The manure and especially the clover had opposite effects: a decreased MI 
and increased EI, and a much reduced BI and CI. The relative reduction of enrichment 
opportunists in the compost-amended soils was associated with a degree of nitrogen 
immobilisation, while net mineralisation in manure- and clover-amended soil was 
concurrent with a considerable increase in enrichment opportunists (summarised in the MI 
and EI). Despite inhibiting the growth of some bacterivores, both composts, but more so the 
nitrogen-poor and lignin-rich one, directly or indirectly, increased the relative abundance of 
other general opportunists and fungivores, shifting the decomposition channel to a more 
fungal-dominated one. In contrast the nitrogen-rich manure and especially clover depressed 
the relative abundance of general opportunists and fungivorous nematodes, resulting in a 
decomposition channel that was apparently almost exclusively dominated by bacteria and 
their grazers (summarised in the BI and CI). Although not significant, by the end of the 
experiment the SI tended to be lower in all amended treatments except COI, reflecting the 
decrease in the proportion of omnivorous nematodes for all other amendments. 
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The PLFA data on the other hand suggests that the abundance of fungi, and hence 
presumably the importance of fungal decomposition channel, was greatest in MAN and CLO, 
as indicated by their significantly lower B:F ratios, despite the fact that the total 
concentration of bacterial biomarkers tended to be higher. Given the PLFA biomarkers used 
for different taxa have been shown to be indicative of biomass (Frostegard et al., 2011), the 
relative balance of bacterial and fungal biomarkers within this experiment is representative 
of their actual dynamics, and in CLO in particular there was a discrepancy between the 
computed CI and the significantly higher fungal abundance. 
By definition nematode community indices are calculated from the proportional or 
relative abundance of different nematode taxa, without taking into account their absolute 
abundance. So the significantly higher abundance of fungivorous nematodes in CLO, which 
agrees with the higher concentration of the fungal PLFA biomarker, was not at all reflected 
in the computed CI, due to the very high proportion of Rhabditidae. Where there is no 
significant change in the total abundance of nematodes, nematode indices may more 
accurately describe the relative dynamics of different guilds. However a reduction in the 
proportion of one taxon or guild implies an increase in the proportions of others. So the 
higher BI and CI in COI and COV compared to UNA are in fact more likely to be due to the 
decrease in the number of c-p 1 bacterivores, as the absolute abundance of fungivores did 
not differ. A realistic assessment of the importance of nematode trophic groups in 
decomposition dynamics must include an assessment of their absolute abundance in 
addition to their relative abundance. 
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6.5 Conclusions 
 
This study clearly showed that the relative dynamics of fungi and bacteria and their 
microbial grazers do not follow previously assumed trends solely in function of the 
biochemical quality or N content of the resource base (Strickland and Rousk, 2010). 
Chopped clover with a low C:N ratio and a high N content supported the greatest 
abundances of microorganism and nematode grazers. The high bio-availability of N in clover 
positively stimulated both bacterial and fungal decomposition channels more than manure 
or compost with the same N content did.  
Irrespective of the amendment used, nematode reinoculation caused an enhanced 
nitrogen mineralisation compared to defaunated soil. This effect might have been only 
temporary due to competition from protozoa present in defaunated cores, and because 
nitrification decreased as the ammonium supply was used up. Nevertheless, our data 
suggest nematodes exert an important influence on nitrogen dynamics on the short term. 
The contribution of free-living nematodes to the decomposition of organic amendments in 
this agricultural soil seems to be most strongly and rapidly expressed when the availability 
of N is high. Given this finding and those of others does not agree with a large body of work 
on theoretical soil food web models, further work is necessary to clarify how conditions of 
nutrient availability in soil determine the influence that soil fauna has on nitrogen cycling. 
Further controlled experiments are necessary to verify such relationships under a range of 
conditions using different soils, amendments, and soil food web complexities. A strong 
concern for as high a degree of realism as possible must be central to future studies in soil 
ecology. 
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7.1 Introduction 
 
In this chapter, the main findings of the research carried out (Chapters 3, 4, 5 and 6) 
are synthesised and compared with existing data, hypotheses and theories (Chapter 2) in 
order to address the questions asked in Chapter 1. These are grouped in the following major 
themes of this thesis: the influence of free-living nematodes on nitrogen mineralisation 
(section 7.1), methodology-related effects of defaunation by gamma irradiation and 
nematode reinoculation (section 7.2) and general insights into the underground ecology of 
the agricultural soil studied (section 7.3). For each of these themes, attention is paid to the 
limitations of the data determined and methodologies used, uncertainties are highlighted 
and recommendations for future research are proposed. 
 As a reminder, the specific research questions that were considered and which led to 
the design of the survey and incubation experiments of this thesis were: 
 How sensitive and suitable are nematode and microbial communities as indicators of soil 
ecological conditions under organic and conventional management? 
 How can we prepare realistic microcosms for incubation studies of nitrogen 
mineralisation that mimic natural conditions in terms of soil structure and biotic 
integrity? 
 What is the dose-effect relationship of a non-destructive soil sterilisation technique on 
mineral nitrogen, microbial biomass and community structure and nematode survival? 
 How can entire representative nematode populations be successfully re-inoculated into 
defaunated microcosms? 
 How do entire nematode communities affect the process of nitrogen mineralisation in 
incubation conditions, in unamended soil and following the application of a range of 
organic amendments? 
 What do these experimental results teach us about below-ground ecology in agricultural 
soil, particularly on the influence of nematodes in nitrogen dynamics? 
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7.2 Nitrogen dynamics as affected by nematodes 
 
The main research question of this thesis was to investigate how free-living 
nematodes in agricultural soil influence the process of nitrogen mineralisation. While a 
number of shortcomings may be associated with both the defaunation and reinoculation 
procedures (discussed in detail in section 7.2), our experimental setup resulted in two 
treatments which differed only in the presence or absence of an entire community of 
nematodes, including the full array of trophic groups as found in control soils. The use of 
controls in our experiments was of paramount importance as they provided a background 
reference to which the microbial community in both defaunated treatments, the nematode 
community in reinoculated cores and the evolution of mineral nitrogen concentrations in all 
three treatments could be compared against. 
Compared to numerous previous studies presented to in Chapter 2 and referred to 
throughout the text, our experimental results did not show that grazing by nematodes alone 
increased total net nitrogen mineralisation (Chapters 5 and 6) in a way that has been found 
in other studies (Verhoef and Brussaard, 1990; Huhta, 2007). However when calculations of 
total mineralisation of amendment N were considered in Chapter 6, nematode reinoculation 
did consistently result in a net positive effect on N mineralisation in all amendments except 
MAN (which may have been due to significant losses during core preparation). Given the 
effects of both gamma irradiation and nematode reinoculation on N mineralisation were 
variable throughout the incubation period, it is not obvious to derive a simple percent-based 
contribution of nematodes of N mineralisation. Whatever value we arrive it, it is certainly 
well below the average of 30% given by Verhoef and Brussaard (1990). If we take the 
average of the nematode reinoculation effect on the amount of amendment N mineralised, 
separately for each amendment used, and express this is a percentage of the total amount 
of N mineralised in those same treatments, then the highest contribution of nematodes to N 
mineralisation is found for the more N-rich VLACO compost, with ca. 17%, followed by the 
ILVO compost with ca. 10%. The contribution of nematodes to N mineralisation in freshly 
chopped clover and in fresh manure appeared to be negligible (ca. 3% and -3% respectively). 
Rather than concluding from a simplistic numerical calculation that nematodes do not affect 
the process of nitrogen mineralisation in a significant manner, it should be remembered 
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that their influence is perhaps subtle, dynamic and variable with time, and difficult to 
separate from the many other biotic and abiotic influences on nitrogen dynamics in soil – 
even in a controlled microcosm experiment such as this one. 
 The above limitation and difficulties not only highlight the importance of using 
appropriate measures on net nitrogen mineralisation, but also call for the use of more 
refined tools in tracing flows of N through the soil food web. Isotopic labelling is one way in 
which mineralised N from (labelled) amendments can be distinguished from basal 
mineralisation of SOM-N, allowing more precise estimates of net and gross N mineralisation 
and immobilisation/assimilation (Chaves et al., 2008). However when applied to soil biota, 
we are confronted with the fact that primary decomposers may feed on both labelled and 
non-labelled sources of organic N, while at the same time (re-)assimilating mineral N with 
different isotopic signatures. Such confusions only increase with higher trophic levels and in 
the presence of omnivorous soil fauna ingesting a range of other soil microorganisms (in 
addition to POM and minerally-bound OM for earthworms and enchytraeids). Furthermore, 
while simple plant-based labelled amendments can be produced, the task of doing the same 
for animal manures and composts is much more complex, if at all feasible. The ultimate tool 
would be for accurate food web modelling of incubation experiments such as carried out for 
this thesis. Besides additional labours costs (determining size classes and biomasses for all 
nematode taxa) there are still many unresolved uncertainties concerning physiological 
parameters of whole organism groups and specific taxa (assimilation and production ratios, 
mortality rates), stoichiometric relationships of individual taxa or functional guilds (C:N 
ratios) for both fauna and microflora, and last but not least, definitive knowledge of the 
exact feeding habits of a number of (important) nematode taxa (see section 7.3). 
Grazing by nematodes above all consistently stimulated nitrification and resulted in 
much decreased NH4
+ and much increased NO3
- concentrations than in defaunated cores. A 
virtually identical result was found by Xiao et al. (2010) who used a similar experimental 
setup and reinoculated microcosms with an entire nematode community as opposed to 
single species. These findings point to a strong influence of bacterivorous nematodes on 
nitrifying bacteria. While autotrophic nitrifiers are represented by a taxonomically narrow 
range of taxa and make up only a small percentage of the microbial biomass (meaning PLFA 
analysis could not detect any effects on nematode grazing on microbial community 
structure), they play a central role in nitrogen dynamics in agricultural soil. The relative 
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amounts of NO3
-  and NH4
+ in soils strongly influence patterns of nitrogen uptake by plants 
(NO3
- being used preferentially by plants), microbial assimilation (preferentially use NH4
+ 
when it is present in large concentrations – Booth et al., 2005) and of course potential losses 
by leaching (NH4
+ is less readily leached than NO3
- and more readily fixed to charged mineral 
surfaces). Future research should clarify whether the mechanism by which nematodes 
stimulate nitrification is linked to direct effects of microbial grazing or to indirect effects 
such as phoretic transport (Griffiths, 1994). 
Osler and Sommerkorn (2007) suggested that the relative contribution of the DOM 
produced by fauna to N mineralisation (or immobilisation) is maximal when the soil DOM 
C:N ratio approaches the optimum required by the microbes, as at this ‘point’ they will 
neither immobilise or mineralise any additional nitrogen. It has been derived from soil food 
web models that the initial content of available nitrogen determines the relative 
contribution of soil fauna: in nutrient poor, low-N systems soil animals generally enhance 
decomposition and mineralisation, whereas in the presence of excess nitrogen they have 
little effect (Huhta, 2007; Osler and Sommerkorn, 2007). Our results from Chapter 6 
however do not at all support this hypothesis, and together with two field exclusion 
experiments using a range of litters with different C:N ratios (Wang et al., 2004; Carillo et al., 
2011) indicate the effect of faunal activity on decomposition tend to be highest in the 
presence of amendments with the lowest C:N ratios supporting high microbial activity. This 
suggests that additional factors need to be considered in the biologically explicit models of C 
and N turnover proposed by Schimel and Bennett (2004) and Osler and Sommerkorn (2007). 
Numerous additional experimental data based on standardised and comparable methods 
are necessary for ecological theories of soil food web functioning in relation to N cycling to 
be formulated. The measure of biologically relevant pools of DOM is an urgent and 
necessary methodological development for a fuller understanding of N (and C) flows 
through the soil food web (Ros, 2012). 
More complete experimental systems involving primary producers (i.e. plants) are also 
of paramount importance. Booth et al. (2005) concluded that plant-available N 
measurements were not good estimates of nitrogen mineralisation in microcosm 
experiments such as ours, because the proportion of N that is microbially assimilated may 
be highly overestimated, due to the absence of actively growing roots. The rhizosphere is 
indeed the location of highest biological activity and where soil fauna, microbes and plant 
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roots interact most intimately, ultimately conditioning nutrient uptake by growing plants 
(Bonkowski et al., 2009). 
 
7.3 Methodology-related inferences and limitations 
 
 7.2.1 Defaunation by gamma irradiation 
The 5 kGy irradiation dose applied to defaunate agricultural soil is effective for 
removing nematodes, as long as an active nematode extraction method is used to 
determine their abundance. The persistence of nematodes clearly degraded by gamma 
irradiation in nematode extracts (from the zonal centrifuge) even after long periods of 
incubation is curious in itself. We would expect micro-organisms that have recently died to 
be rapidly decomposed in soil. During counting of nematode extracts for Chapter 4 and in 
the mass slides for Chapter 5 it was observed that nematodes degraded by irradiation (other 
than being immobile) appeared to be devoid of any discernible internal organs except for 
stylets, cephalic reinforcements (e.g. Pratylenchus) and spiculas. It is highly likely that the 
remaining nematode cuticles and their (degraded) contents were of a specific density 
similar enough to intact living nematodes for them to be extracted together. The data 
collected from Chapter 4 suggests the effect of irradiation on nematodes is not immediate 
and continues to reduce nematode survival long after the irradiation event. So nematodes 
affected by gamma irradiation may have continued to live for some time, long enough to 
allow them to crawl through cotton wool filter even, as a small proportion (less than 5%) of 
nematodes recovered in the final nematode extracts of Chapter 6 appeared to have been 
degraded by gamma irradiation too. However the use of milk and/or cotton wool filters (or 
Whitehead-Hemming trays for that matter) is a simple and convenient step to add to a 
standardised and rapid extraction method such as the zonal centrifuge for recovering only 
‘viable’ or active nematode populations.    
Doses inferior to the selected 5 kGy standard also negatively impacted nematode 
survival, but did not result in their total elimination. There is a strong time dependency of 
the critical dose for nematode elimination: the lower the dose the more time is needed for 
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complete elimination of nematodes to be observed. Although it was not explicitly 
considered in this thesis, the moisture content of soil is likely to have a strong influence on 
the efficiency of gamma irradiation. The data compiled by McNamara et al. (2003) for other 
species of soil fauna suggests intermediate moisture contents result in the most efficient 
administration of gamma irradiation to soil organisms. Although the moisture contents used 
in this study were probably within the optimal range, further fine-tuning to maximise the 
efficiency of low-dose irradiation is certainly worthy of consideration in soil ecology studies.  
Defaunation also decreased Cmic by about 20% in our experiments, which due to the 
high variability often observed for this measure of microbial abundance, was not always 
significantly different from control soil. Although the fumigation-extraction method is a 
robust measure of soil microbial biomass, it has to be noted that the amount of K2SO4-
extractable C in non-fumigated defaunated soil was systematically higher as a result of 
radiolysis. This may have impacted calculations of the fumigation flush in defaunated 
compared to control soil. Furthermore, aggregate measures of soil microbial biomass only 
give the total soil microbial biomass, and not the change in the biomass of different taxa, 
which may have been reduced or stimulated by irradiation. Although the Cmic is a useful 
measure when different amendments are being compared (Kallenbach and Grandy, 2011), 
in situations where the soil microbial community is disturbed or otherwise negatively 
impacted, supplementary measure of microbial activity or growth should be determined. 
These could include dehydrogenase activity as an overall measure of microbial activity 
(Caldwell, 2005), relative bacterial and fungal growth by leucine-thymidine and acetate-in-
ergosterol incorporation respectively (Rousk and Bååth, 2007). This is all the more 
important as certain taxa of (Gram-positive if the PLFA profiles in Chapters 4 and 6 are 
representative) bacteria have been shown to increase in abundance following gamma 
irradiation (McNamara et al., 2007). Presently taxon-specific effects of gamma irradiation 
can only be tentatively quantified using PCR-based methods of DNA/RNA extraction (Wu et 
al., 2008). 
One functionally important group of soil organisms not considered in this thesis are 
the protozoa, which through their intense and competitive bacterivorous activity (Clarholm, 
2005) are able to mineralise much more N than nematodes in many situations (Griffiths, 
1994), and no doubt certainly under agricultural nutrient-enriched conditions. We did not 
determine how the irradiation dose applied affected protozoa in soil, and given the lack of 
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any studies reporting the radio-sensitivity of protozoa in soil, we cannot estimate it either. 
However, based on the general relationship between organism complexity and irradiation 
tolerance (McNamara et al., 2003), we can expect that if fungi survived a 5 kGy dose, then at 
least a significant proportion of protozoa did too. If protozoa were indeed present in 
defaunated soil, then the results obtained for this type of treatment in our experiments 
actually are representative of the simplest possible food webs, consisting of microflora and 
bacterivorous protozoa solely. Although this does not change the additional effects 
measured for the presence of a nematode community, the contribution of nematodes to 
nitrogen mineralisation might have been under-estimated due to the demonstrated 
superior competitive ability of protozoa (Griffiths, 1986; 1994). There is an urgent need for 
the dynamics of protozoa to be better understood and explicitly included in experimental 
setups (Clarholm, 2005), to the same extent as has been done so far for bacteria, fungi and 
other soil fauna. Greater knowledge of the radio-sensitivity of whole groups of soil 
organisms and functionally important single taxa could potentially allow different doses of 
gamma irradiation to be applied to create gradients in soil food web complexity. However 
this demands that appropriate extraction and detection/quantification methods be available 
for all soil organisms of interest. Experimental developments to remove (the remains of) 
dead organisms and excessive accumulations of NH4
+ and DOM by some form of leaching 
may be of interest for experiments making use of gamma irradiation. 
 
 7.2.2 Nematode reinoculation 
Nematode reinoculation of defaunated cores was successful in establishing 
populations of similar size and composition as observed in control cores. To the best of our 
knowledge, this thesis represents the first effort to establish ‘entire’ nematode communities 
in defaunated soil under controlled laboratory conditions. Xiao et al. (2010) reared 
bacterivore-dominated nematode populations by incubating soil with high doses of pig 
slurry, but used otherwise completely sterilised microcosms reinoculated with bacterial 
suspensions. Although the nematode communities in our experiments contained the same 
important bacterivorous and fungivorous species as have long been used in single-species 
experiments (see Chapter 2 for details), the reinoculated populations also contained root-
feeders and omnivores. The significance of the presence of root-feeders in plant-free 
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microcosms is discussed in further detail in section 7.3.2. The fact that the most common 
omnivores (Mesodorylaimus, several species of Qudsianematidae and Aporcelaimus) were 
also present in reinoculated cores testifies to the success of the reinoculation procedure, as 
omnivorous nematodes have failed to establish themselves well in previous single-species 
experiments (Laakso et al., 2000; Yeates et al., 2002). Omnivorous nematodes represent one 
or more additional trophic levels in soil food webs, so the functional integrity of soil food 
webs in reinoculated cores was improved by their presence. Although carnivorous 
nematodes are rare in agricultural soil and were mostly below the detection limit in both 
control and reinoculated treatments, there is no reason to believe that they could not also 
be successfully reinoculated into soil. Knowing that it is possible for persister nematodes 
with a c-p value of 4 or 5 to successfully establish themselves in previously defaunated soil, 
treatments with gradients in soil food complexity (in terms of the nematode population) can 
be created in future studies. Using simple sieving (e.g. 300 μm) to isolate larger omnivores 
and carnivores (as well as some plant-parasites such as Longidorus) from the rest of the 
nematode population, treatments with microbivores only (bacterivores, fungivores and 
root-feeders) and with microbivores + carnivores and omnivores could be compared. The 
additional effects of predation (by other nematodes) and omnivory (Mikola and Setälä, 
1999) on nitrogen mineralisation and the population dynamics of bacteria, fungi and their 
grazers could thereby be further investigated. The zonal centrifuge developed by Hendrickx 
(1995) has not been extensively used due to only a small number of models having been 
built so far, but it can potentially be used to extract other groups of soil organisms too, 
providing they have a narrow range of specific density values. So far the same device with 
some modified setting has been used to selectively extract microarthropods and also fungal 
spores (Wander et al., 2007). Experiments using bulk reinoculations of different groups of 
soil organisms all extracted from the same soil using the same basic technique could 
become an easily standardised methodology and a baseline for a whole range of soil ecology 
experiments. 
Unfortunately it was not logistically feasible for the composition of the nematode 
community to be determined at all sampling times in the incubation experiments of 
Chapters 5 and 6. Had this been undertaken, then a much fuller picture of how different 
taxa responded to post-reinoculation conditions could have been grasped. By comparing the 
relative changes in the abundance of taxa in control and reinoculated cores, those which 
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decreased, increased or were not affected by reinoculation could have been readily 
identified. However even then the effects of reinoculation on different nematode taxa could 
not be separated from the responses of reinoculated taxa to a modified microbial landscape 
in defaunated cores. Therefore we cannot ascribe all differences between the relative 
abundances of nematode taxa in control and reinoculated cores to the reinoculation 
process only. It seems that in each trophic group at least one taxon became more abundant 
in reinoculated cores, at the expense of most others (Chapter 5 and 6). This can be 
explained by some degree of niche overlap and hence competition between different 
bacterivores, fungivores or omnivores: those taxa which were able to rapidly re-colonise 
their niches benefitted from the additional food sources not consumed by less-well 
established taxa. 
We estimated the efficiency of the zonal centrifuge apparatus to be 60-70%, in the 
absence of any previously determined results. In preliminary tests (unpublished data) using 
the same soil as was used in Chapter 4, 5 and 6, we found the zonal centrifuge yielded the 
same amount of nematodes as a Cobb’s decanting and sieving method (see Chapter 2), 
providing the latter were extracted for 48 h instead of 24 h. Expecting some losses and 
mortality due to the combination of the extraction and reinoculation procedures, we 
anticipated the abundance of nematodes would be slightly lower than in control soils. This 
was confirmed by the experimental data in Chapters 5 and 6. We chose to err on the side of 
caution in this respect: over-inoculating defaunated cores with viable nematodes might 
have caused a (temporary) imbalance between the biomass of microbivorous nematodes 
and their food sources, resulting in over-grazing and possibly unrealistically high 
mineralisation rates. As it was, the strong decrease in Cmic in reinoculated cores versus 
defaunated cores in Chapter 6 points to an unchecked over-grazing effect in the absence of 
any higher predators of nematodes such as mites in our microcosms. 
The techniques for defaunation and reinoculation we employed were chosen in an 
attempt to construct more realistic microcosms in which the original soil habitat and its 
inhabitants were as similar as possible to those encountered in the field. Given few other 
researchers have made (recent) uses of these same techniques for the same purpose, or 
combined them with the same measures of microbial abundance and activity (Cmic and/or 
PLFA), a substantial part of the research for this thesis was directed towards preliminary 
tests of the two methods (Chapter 4) before applying them in actual incubation experiments 
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(Chapters 5 and 6). The use of gamma irradiation could be extended to longer-term 
microcosm (or mesocosm, cf. Verhoef, 1996) experiments with larger undisturbed cores and 
involving all kinds of faunal reintroductions. Combined with the use of meshes of sizes 
corresponding with the body width of diverse faunal groups, a much greater range of in-situ 
field studies is conceivable. 
 
7.3 Insights into the underground ecology of agricultural soil 
 
The combination of microbial biomass, PLFA and nematode data from the survey and 
the different experiments allow a number of inferences to be made concerning the 
microbial and nematode communities and the trophic relationships between them. A 
number of the observations made challenge currently accepted views on the function of 
some soil organisms. While it is not presumed that any of the data in this thesis is sufficient 
to provide definitive answers to existing uncertainties, they do in some cases add to the 
growing evidence that assumed feeding habits of certain nematodes in particular need to be 
critically re-examined. 
 
 7.3.1 Microbial biomass and community composition 
Microbial biomass as measured by the fumigation-extraction method is a reliable and 
robust measure that has been widely applied in soil research (Kallenbach and Grandy, 
2011). In our experiments, the Cmic in unamended treatments was low and tended to 
decrease during incubations compared to values measured in the field at sampling 
(Chapters 4, 5 and 6). However it was sensitive to the effects of irradiation, and in Chapter 6 
also to the (negative) effect of nematode reinoculation. There were no consistent patterns 
of the response of Cmic to the different amendments and its change over time. Contrary to 
observed relationships in numerous studies (Bailey et al., 2002), Cmic was never strongly 
correlated with the total concentration of PLFAs, which can normally be considered an 
indicator of microbial biomass (Frostegård et al., 2011).  Unlike Cmic, concentrations of total 
PLFA and of most biomarkers were never sensitive to irradiation or nematode reinoculation, 
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but did differ significantly between management practices or amendments in an expected 
fashion (Chapters 3 and 6). The most likely explanation is that the PLFAs of recently killed 
microorganisms did not degrade rapidly in irradiated cores in which the soil biota had been 
depressed (as was found for composted peat by Ranneklev and Bååth, 2003), but microbial 
PLFAs did accumulate following the addition of organic amendments. With an amendment 
such as clover which strongly stimulated the entire soil food web, the degradation of dead 
microbial PLFAs from irradiation would no doubt have occurred, however this was 
completely obfuscated by the strong increase in the abundance of many microbial taxa in 
irradiated cores too. In the absence of amendments to feed the soil food web, PLFAs are not 
suitable as indicators of changes in microbial biomass and community structure following 
treatments that depress microbial communities such as irradiation. As such not much can be 
inferred from the effects of irradiation and reinoculation on the relative dynamics of 
bacteria and fungi in our experiments. However the PLFA data from Chapter 6 does offer 
some interesting insights into the effects of contrasting organic amendments on the relative 
abundances of different microbial groups. First of all, almost all microbial groups considered 
were highest in clover-amended soil, in particular saprophytic fungi. The lower 
bacterial:fungal ratio in clover- and manure-amended soil meant the relative share of 
decomposition through the fungal channel was greater with these amendments than 
following compost addition. However the ILVO compost, which did not release much 
nitrogen due to its relatively high C:N ratio, supported the highest abundances of Gram-
positive bacteria and equally high AMF biomarker concentrations as clover-amended soil, 
but a lower concentration of the fungal biomarker. Likewise, the survey conducted in 
Chapter 3 revealed no expected differences in fungal abundance between organic and 
conventional fields as a result of repeated compost application, and instead a greater 
concentration of bacterial PLFAs and significantly higher B:F ratios in organic fields. These 
seemingly contradictory results are an addition to the growing amount of evidence that 
bacterial:fungal dominance does not comply with previously assumed relationships with the 
C:N ratio of litter or residues (Strickland and Rousk, 2010). What is certain is that fungi may 
equally well benefit from N-rich organic amendments as bacteria do, and that composted 
amendments with a generally higher C:N ratio may yield equally large bacterial communities 
as N-rich amendments such as manure or clover. This is partly due to a functional overlap 
between bacteria and fungi (Rousk and Bååth, 2007; Rousk et al., 2008), but also no doubt 
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due to the fact that the same bacterial but especially fungal PLFA biomarkers may originate 
from (groups of) species with entirely different life history traits. Much of the difference in 
the dynamics between bacteria and fungi appear to be due to fundamental differences in 
life history traits as outlined in Chapter 2, rather than controls of the biochemical quality of 
residues or the stoichiometry of decomposers (Strickland and Rous, 2010). Although PLFAs 
have a proven history of use for measurement of bacterial and fungal biomass since their 
introduction (Frostegård and Bååth, 1996), the B:F ratio as currently defined is not a 
sufficiently reliable indicator of the relative dominance of bacteria and fungi, certainly when 
compared between different studies. Complementary measures of bacterial:fungal 
dominance, and new developments to accurately or separately measure bacterial and 
fungal biomass would be most welcome for our understanding of microbial community 
dynamics and the (agro)ecosystem implications thereof. 
 
 7.3.2 Nematode community composition 
 The persistence of high numbers of root-feeding nematodes in the reinoculated cores, 
even after 3 months of incubation in the dark without any plant growth, was an unexpected 
outcome of our experiments. Given the short generation times of most nematodes, and the 
verified absence of any (visible) root fragments in all cores except the undisturbed ones, this 
means that root-feeders continued to reproduce and presumably feed during the incubation 
period. Only in the incubation experiment with amendments (Chapter 6) were significant 
reductions in the abundance of root-feeders observed following reinoculation. However in 
this experiment the presumed ecto-parasite Paratylenchus made up a bigger proportion of 
the nematode population in reinoculated cores than in control cores. It was noticed during 
nematode identification that only a small proportion (less than ca. 5-10%) of Paratylenchus 
individuals identified possessed the characteristic long stylet (Bongers, 1988). In all other 
individuals the stylet was even less discernible than it is for most Tylenchidae (samples were 
given to nematologist colleagues for confirmation). This begs the question as to whether 
species such as Paratylenchus, a commonly encountered root-feeder in the rhizosphere, is 
able to switch feeding habit in times when (growing) plant roots are absent. Inoculation of 
the tropical ecto-parasite Rotylenchus reniformis had profound effects on the microbial 
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community and nitrogen mineralisation, although it was not verified whether these were 
indirect or direct (Tu et al., 2003). It makes ecological and evolutionary sense that otherwise 
root-feeding nematodes may switch food sources during periods of no or limited plant 
growth, which certainly occur in agricultural fields.  Indeed, if a nematode is capable of 
piercing the cell wall or a root cell with its stylet, then piercing cell walls of bacteria, 
protozoa or fungi should not be that much more difficult, and if root-feeders feed on 
cytoplasm and their contents, perhaps they could also survive by ingesting labile dissolved 
organic matter released in abundance in irradiated soil. It would at the very least be 
interesting for a number of simple experiments to be conducted to determine any eventual 
feeding plasticity of root-feeders. If these turn out to be negative, then it still remains to be 
explained how root-feeders survive and even thrive in the absence of plant roots. 
In many studies, as in our data, the proportion of fungivorous nematodes rarely 
exceeded 5% of assemblages in agricultural soil. It has often been found that their 
abundance or biomass did not correlate with that of fungi (Yeates et al., 1997; Bardgett et 
al., 1998; Mikola and Setälä, 1999), leading some to hypothesise that fungi are controlled by 
resource availability (bottom up) and not by the abundance or activity of their (nematode) 
grazers (top-down control) (Mikola and Setälä, 1998; Lenoir et al., 2006). In this thesis, 
based on previously consulted recent studies, Filenchus was always considered a fungivore. 
In the survey of leek fields (Chapter 3) its abundance was such that it made most of the 
difference in total fungivore abundance, being more abundant in organic systems. The 
abundance of other Tylenchidae was often correlated with that of Filenchus, suggesting they 
may also mostly have been fungivores. Indeed the correlations of fungivores and fungi 
improved slightly when Tylenchidae were included in Chapters 3 and 5. Although there is 
growing evidence and some consensus that Filenchus and other Tylenchidae are fungivores, 
other studies still consider them as root-feeders. Worse still, a number of recent 
publications which otherwise report high quality data, do not specify to which trophic 
groups different nematode taxa were assigned (Birkhofer et al., 2008; Van Eekeren et al., 
2009; Postma-Blaauw et al., 2010). The task of clarifying the ambiguous feeding habits of a 
number of taxa is not made easy when not all authors report their dynamics, as it prevents 
meta-analyses to be made. Another nematode which is seldom considered as a fungivore 
but which became an important (presumed) fungivore in the amendment incubation 
experiment was Psilenchus (Bulluck et al., 2002), and there are more taxa whose feeding 
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habits have not been verified experimentally (Yeates et al., 1993; Yeates, 2003). An 
indication that different fungivorous nematodes may feed on different fungal communities 
at different stages of decomposition was found by Wang et al. (2004): during the 
decomposition of Crotalaria juncea (a leguminous cover crop) in litterbags, an initial peak 
for bacterivorous nematodes (Rhabditidae and Cephalobidae) but also fungivorous 
nematodes (mainly Aphelenchus and Aphelenchoides) was observed. In addition, a second 
peak was found later on for fungivorous nematodes (Tylenchidae mainly), which coincided 
with a peak in the abundances of Plectus (c-p 2 bacterivore), Mesodorylaimus and 
Eudorylaimus (omnivores).  If such observations are matched by microbial indicators of 
different fungal peaks, we may be on our way to unravel specific associations of 
microbivorous nematodes and microflora. 
The data collected in this thesis supports the generally accepted notion that above all 
Rhabditidae and to a lesser extent other c-p 1 bacterivores, as well their dauer larvae are 
associated with instances of high N availability, high mineralisation and high microbial 
activity. It is therefore indeed likely that rapidly reproducing Rhabditidae are responsible for 
most nitrogen mineralisation by nematodes. Cephalobidae on the other hand, although 
sensitive to reinoculation, maintained a constant presence and were the main bacterivore 
family in unamended and compost-amended treatments. They probably are responsible for 
modest nitrogen mineralisation throughout the entire period of bacterial activity (Yeates, 
2003). The ecological stoichiometry of soil food webs, despite uncertainties pertaining to 
substrate or organism C:N ratios and potentially different C and N assimilation efficiencies 
(Chapter 2) indicates that in particular bacterial-feeding fauna and their predators 
mineralize high proportions of the total N ingested (Osler and Sommerkorn, 2007). This is 
supported by experimental evidence of a faster cycling of N and higher mineralisation from 
bacterial-based soil food webs (Moore et al., 2004). It has been noted previously that 
bacteria and their consumers are both strongly related to nitrogen mineralisation, while 
fungi bear little relation to fungivorous fauna (Griffiths, 1994). Despite our attempt to 
include a compost which we thought would stimulate fungal activity and their grazers due 
to the high C:N ratio and woody origin, this just resulted in a decreased abundance on 
bacterivores and very little nitrogen mineralisation compared to control soil.  
In both incubation experiments, omnivores were found in reinoculated cores, meaning 
the reinoculation procedure was successful for at least some taxa of dorylaimid nematodes 
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with c-p values of 4-5. In comparison, few other incubation studies have included 
omnivorous or carnivorous nematodes in their design (Mikola and Setälä, 1999; Laakos et 
al., 2000). In the first incubation experiment (Chapter 5), the abundance of omnivores, and 
in particular the c-p 5 Aporcelaimus was higher in reinoculated cores, echoing the 
observation by  Ettema and Bongers (1993) who found Aporcelaimellus was associated with 
nutrient-rich algal blooms. In the final incubation experiment (Chapter 6), the c-p 5 
omnivore Mesodorylaimus responded well to incubation conditions and developed 
significant populations. It seemed to be positively correlated with the abundance of all other 
trophic groups, but particularly with Rhabditidae and their dauer larvae. Omnivorous 
nematodes were correlated with bacterivores and dauer larvae also in Chapters 3, strongly 
suggesting a trophic link between bacterivores and omnivores. Mesodorylaimus was 
positively stimulated by high mineralisation and microbial activity in clover-amended soil, 
however it is not clear whether this was because of abundant bacterial production, or due 
to the high numbers of rapidly reproducing enrichment opportunists. It is also possible that 
the high numbers of dauer larvae in this treatment constituted an easy and plentiful prey, or 
that instead Mesodorylaimus was attracted to the protozoa at sites of intense microbial 
production. Using the methods described in this thesis and discussed above, it should be 
possible to test the feeding preferences of such nematodes under a range of conditions, and 
examine in what way they influence other nematode taxa, microbes and ultimately nitrogen 
mineralisation. It would be particularly interesting to verify whether the suggested top-
down control effects of omnivores and predators on microbes and their nematode grazers 
(Wardle et al., 1995) are also found in controlled but realistic incubation experiments.  
Nematode community indices have become popular ways of summarising the 
nematode community composition without requiring a full presentation of all nematode 
taxa encountered (Ferris and Bongers, 2006). In Chapter 3 community indices did not 
provide any additional information than an overview of nematode trophic groups did; the 
significantly higher abundance of fungivores in organically managed systems was not 
evident in the calculated CI. In both incubation experiments the EI was higher in 
reinoculated cores even though the abundance of enrichment opportunists tended to be 
lower. In Chapter 5 in general there were much fewer significant differences for nematode 
indices between control and reinoculated cores than there were for absolute abundances of 
different trophic groups. In Chapter 6, when amendments were compared with each other, 
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the MI, EI, SI, BI and CI followed consistent trends, but nothing that could not already be 
gleaned from proportion-based data of the main trophic groups. In addition the CI for 
example in Chapter 6 did not at all reflect that although the proportion of fungivores was 
lower in CLO cores, its abundance was several times higher. So while the CI might lead us to 
believe fungivorous nematodes are virtually absent from clover-amended soil, absolute 
abundances tell us they were on the contrary present in greater amounts, consistent with 
the PLFA biomarker for fungi. For nematode community indices to fully reflect the dynamics 
of important nematode functional guilds, measures of absolute abundance need to be 
integrated. However it is inevitable that when computing indices expressed as a single 
quantity from a large set of data, a substantial amount of information is lost. Indicators 
should be used indicatively, and never as a substitute for the actual abundances and 
proportions of all nematode taxa. 
  
7.4 Conclusions 
 
In this thesis the influence of free-living nematodes on nitrogen mineralisation in 
agricultural soil was examined under controlled experimental conditions but striving 
towards realism. The structures of microbial and nematode communities in agroecosystems 
under contrasting management were compared and found to be related to each other, 
although not necessarily in a clear-cut fashion. Methodologies for removing and 
subsequently adding free-living nematodes to experimental microcosms were developed, 
tested and applied in incubation experiments for measuring nitrogen mineralisation. 
Defaunation by gamma irradiation was effective in removing nematodes and did not alter 
the overall structure of the microbial community, but still had a negative influence on total 
microbial biomass and nitrification. Nematode reinoculation successfully established 
nematode communities with roughly the same composition of trophic groups as in control 
soil, however numerous taxa were reduced in abundance. In unamended cores nematodes 
did not increase total nitrogen mineralisation but stimulated nitrification, to an extent that 
was dependent on whether cores were disturbed or not. Nematodes positively influenced 
mineralisation but above all consistently stimulated nitrification for a range of amendments 
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of differing C:N ratio. Contrary to predictions made from soil food web models, the 
influence of nematodes on nitrogen dynamics appeared to be greatest and also most 
immediate for amendments with low C:N ratios. Relationships between microbial taxa, 
nematode trophic groups and mineral nitrogen were not straightforward, and highlight the 
need for a deeper understanding of the physiology, feeding habits and overall ecology of the 
most important nematode taxa. Standardised and reliable measures of organism biomass 
and activity under a range of conditions need to be widely used before complete models of 
nitrogen dynamics as influenced by soil fauna emerge. 
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Summary 
 
Nitrogen mineralisation is a process of central importance in agriculture, as it dictates 
how, when, where and to what extent N becomes available to plants. The decomposition of 
OM added to soil or already present is the source of all N in organic agriculture, even for the 
N that has been fixed in the biomass of leguminous plants. During the process of 
decomposition, N is cycled through the soil food web which, in its simplest form, consists of 
a resource base (OM or living plants), primary decomposers (bacteria and fungi), primary 
consumers (microbivorous soil fauna), and any number of trophic levels of secondary 
consumers (predatory and/or omnivorous soil fauna). Free-living nematodes are an 
important group of soil fauna that occupy a number of different trophic positions in the soil 
food web: root-feeders, bacterivores, fungivores, predators and/or omnivores. Different 
lines of evidence suggest nematodes play an important role in releasing mineral N bound in 
microbial biomass or other trophic levels. The exact mechanisms by which soil fauna 
contribute to N mineralisation have not been satisfactorily explained, but  have been shown 
to consist in large part of the direct excretion of mineral N (in the form of ammonium) in 
excess of their physiological needs. Although food web models predict such outcomes based 
on simple ecological stoichiometry, they rely on numerous assumptions concerning the life 
history traits, trophic preferences and biochemical composition of different faunal groups 
and their microbial prey. Microcosm experiments designed to investigate these process 
have often lacked realism, usually characterised by simplistic species assemblages 
inoculated into artificial habitats. The central aim of this thesis was to evaluate the influence 
of free-living nematodes on nitrogen mineralisation of agricultural soil, using a methodology 
aimed at respecting the species composition and structure of natural soil. 
Chapter 1 introduced the theme of this thesis in relation to the greater context of 
global and regional nitrogen dynamics, stated the central and secondary research questions 
and provided the layout for the rest of the thesis. The theoretical and experimental 
background on the role that soil fauna play in nitrogen dynamics in soil was explored in 
detail in Chapter 2. Attention was paid was to the different methodologies available for 
examining these relationships, and their limitations and advantages were critically 
discussed. 
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The relationships between nematode and microbial communities and abiotic soil 
parameters, as influenced by either organic or conventional management, were the subject 
of the survey presented in Chapter 3.  A one-time sampling of leek fields revealed a 
generally greater abundance of soil biota in organic systems, although conventional farms 
incorporating organic amendments also had high abundances of nematodes and different 
microbial groups. Despite unintended differences in soil texture between organic and 
conventional fields, the former stood out by having a greater abundance of fungivorous 
nematodes in particular. However these differences were not reflected in the PLFA profiles 
of these soils, suggesting management practices specific to leek have over-riding effects on 
microbial communities, or that the links between microbivorous nematodes and their prey 
are more complex than initially assumed. 
The potential for using gamma irradiation as physically non-disruptive defaunation 
techniques for nematode elimination was investigated in Chapter 4. Nematodes were 
effectively killed by a 5 kGy irradiation dose, but still extracted with the zonal centrifuge 
technique used throughout this thesis. A subsequent experiment using sub-lethal doses of 
gamma irradiation demonstrated that the addition of a supplementary filtration step 
following nematode extraction allowed recently irradiated nematodes to be segregated 
from viable, living nematodes. It was confirmed that nematodes extracted following a 5 kGy 
irradiation dose were indeed dead, as the proportion of nematodes passing through the 
supplementary filters approached zero with time.  Although the microbial biomass was not 
significantly reduced by a 5 kGy dose, PLFA biomarkers for different microbial groups did not 
show consistent decreases in concentration with increasing irradiation doses, probably as a 
result of reduced decomposer activity. PLFA profiles of gamma-irradiated soil must 
therefore be interpreted with caution. 
An incubation experiment with unamended soil was undertaken in Chapter 5 to 
compare N mineralisation in defaunated versus defaunated and reinoculated soil cores. 
Nematode reinoculation was successful in establishing nematode communities of similar 
size and composition as in control soil. Similarly, the microbial community did not appear to 
be strongly modified as a result of irradiation, with the exception of fungi. Nematode 
mineralisation was only marginally greater in reinoculated cores, but by the end of the 
incubation experiment nitrate concentrations tended to be greater, suggesting a stimulation 
of nitrification as a result of nematode grazing. Nematode and N dynamics differed between 
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undisturbed and disturbed cores, indicating the method of core preparation is an important 
factor to take into account in soil ecology studies. 
Finally, in Chapter 6, an extended incubation experiment was carried out in which soil 
cores were amended with either compost made from woody materials, compost made from 
organic household wastes, fresh manure, chopped clover or left unamended. These organic 
amendments are commonly used in organic agriculture and were chosen to represent a 
gradient in expected N availability to soil biota. Nitrogen mineralisation, nematode 
abundance and the concentration of most microbial biomarkers was significantly greater in 
the clover-amended cores than in all others. In all other treatments, reinoculated cores had 
similar nematode abundances and community composition as their control counterparts. 
For all amendments, nematode reinoculation significantly increased nitrate concentrations 
at the expense of ammonium concentrations, proving nematode activity stimulates 
nitrification, although the mechanism hereof could not be determined. Calculations of net 
nitrogen mineralisation showed that irradiation of soil caused a temporary decrease of N 
mineralisation, which was no longer detectable by the end of the experiment. Compared to 
the unamended treatment, nematode reinoculation caused an increase in net N 
mineralisation for all amendments except manure, possibly as a result of losses during the 
preparation phase of the experiment. The increased net N mineralisation due to nematodes 
also decreased towards the end of the experiment, the peak of nematode-induced N 
mineralisation being reached first for the amendment with most available N (clover) and last 
for the amendment with lowest N availability (woody compost). Observed differences in N 
mineralisation did not agree with previously assumed patterns of bacterial:fungal 
dominance in the microbial community, as the clover amendment resulted in the greatest 
concentration of both bacterial and fungal PLFA biomarkers.  
The findings of this thesis were synthesised and critically discussed in Chapter 7, with 
reference to the larger body of literature on soil ecology and N dynamics presented in 
Chapter 2. Particular attention was given to the possible bias of methods used to 
characterise microbial communities, and to unresolved issues of the presumed feeding 
habits of a number of nematode taxa encountered in this work, mainly the Tylenchidae.  
Recommendations for further research needs were given for each of these important 
themes.
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